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Abstract

The objectives of this study were to measure the relative attenuation properties of the left and right
ventricles in fetal pig hearts and to compare the spatial variation in attenuation measurements with
those observed in previously published backscatter measurements. Approximately 1.0 mm thick,
short-axis slices of excised, formalin-fixed heart were examined from 15 mid-gestational fetal pigs
using a 50-MHz single-element transducer. Measurements of the attenuation properties demonstrate
regional differences in the left and right ventricular myocardium that appear consistent with the
previously reported regional differences in apparent integrated backscatter measurements of the same
fetal pig hearts. For regions of perpendicular insonification relative to the myofiber orientation, the
right ventricular free wall showed larger values for the slope of the attenuation coefficient from 30—
60 MHz (1.48 £ 0.22 dB/(cmeMHz) (mean = SD (standard deviation)) and attenuation coefficient at
45 MHz (46.3 £ 7.3 dB/cm (mean = SD)) than the left ventricular free wall (1.18 + 0.24 dB/(cm*MHz)
and 37.0 £ 7.9 dB/cm (mean + SD) for slope of attenuation coefficient and attenuation coefficient at
45 MHz, respectively). This attenuation study supports the hypothesis that intrinsic differences in
the myocardium of the left and right ventricles exist in fetal pig hearts at mid-gestation.
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Introduction

Echocardiographic assessment of the developing fetal heart is becoming an important
component of overall prenatal care. The ability to characterize intrinsic features of the
developing myocardium may aid researchers and clinicians in identifying those fetuses most
at risk for developing congenital heart defects, myopathies, or altered myocardial function due
to an adverse intrauterine environment. Observed characteristics of fetal echocardiographic
images are significantly dependent upon the inherent ultrasonic properties of the developing
myocardium. Observed images of the heart depend upon the combined contributions of both
the intrinsic ultrasonic backscatter and attenuation properties of myocardium (Holland et al.
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1998; Holland et al. 2005). These ultrasonic properties are largely determined by the detailed
viscoelastic and structural properties of myocardial tissue (Insana et al. 1990; Lizzi et al.
1987; O’Brien et al. 1995; O’Donnell et al. 1979; O’Donnell et al. 1981; Oelze et al. 2002;
Rose et al. 1995). Hence, a better understanding of the inherent ultrasonic properties of the
developing myocardium and their spatial variation may provide new insights into the
development of enhanced echocardiography-based methods to assess heart development and
aid in prenatal diagnoses of altered growth trajectories.

In a previous study from our laboratory, we reported measurements of the apparent integrated
backscatter properties of excised mid-gestational fetal pig hearts (Gibson et al. 2007). This
study showed distinct patterns of backscatter in the left and right ventricular free walls that
appeared to correlate with the ventricular myoarchitecture associated with the two sides. For
ultrasonic insonficiation perpendicular to the transverse plane of the heart, at the mid-papillary
level, the largest level of backscatter in the left ventricular free wall was located within the
mid-myocardium and regions of decreased apparent backscatter were located subepicardially
and subendocardially. The right ventricular free wall showed the largest level of apparent
backscatter in a subepicardial band with less apparent backscatter measured in the
subendocardial region. Histological analyses of the ultrasonically imaged fetal pig hearts
demonstrated the regions of largest backscatter in the ventricular free walls were areas
corresponding to perpendicular insonification relative to the circular myofiber orientation.
Regions of the ventricular free wall where the predominant myofiber direction was not
perpendicular to the ultrasonic beam exhibited smaller levels of backscatter. Furthermore, for
those regions of perpendicular insonification relative to the myofiber orientation, it was seen
that the level of apparent integrated backscatter for the right ventricular myocardium was larger
than that for the left ventricular myocardium. The objectives of the study reported in this paper
are to extend the ultrasonic characterization of fetal hearts by measuring the relative attenuation
properties of the fetal myocardium and to compare these attenuation measurements with the
apparent backscatter measurements.

Our approach was to investigate excised formalin-fixed, mid-gestational fetal pig heart
specimens by measuring the ultrasonic properties from a thin slice of the heart. Mid-gestational
fetal pig hearts were chosen for this study because the gross structural formation of the heart
is complete by this time point, and fetal pigs of this gestational age are similar in gestational
age to human fetuses referred for routine diagnostic fetal echocardiographic evaluation at fetal
cardiology clinics of other institutions and our center at St. Louis Children’s Hospital. The
measurements performed in this study focus on the relative attenuation properties of the left
ventricular and right ventricular myocardium. Although formalin fixation can affect the
absolute level of attenuation and backscatter parameters (Baldwin et al. 2005a; Bamber et al.
1979; Hall et al. 2000a; Takiuchi et al. 2001; van der Steen et al. 1991) the relative differences
should be largely preserved.

Preparation of specimens

Fifteen mid-gestational, formalin-fixed fetal pigs were obtained from Nebraska Scientific Inc.
(Omaha, NE, USA) in compliance with approved procedures established by the Animal Studies
Committee at Washington University in St. Louis. The heart and humerus bone were harvested
from each of the fetal pigs and placed in 10% formalin solution. Thin (approximately 1.0 mm)
flat and parallel short-axis cross-sectional specimens of the fetal hearts, representing a
transverse plane perpendicular to the long axis of the heart at the mid-papillary level, were
prepared using a previously described method (Gibson et al. 2007). The gestational age of each
fetal pig was estimated from the length of the humerus bone using a previously described
approach (Wrathall et al. 1974). In our study the estimated age of the 15 fetal pigs was 57 + 3
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days (mean = standard deviation), representing approximately half of the gestational age of a
pig (full gestation of a pig is ~120 days).

Acquisition of ultrasonic attenuation data

Measurements of the ultrasonic attenuation properties of the excised fetal heart specimens were
obtained using a shadowed-reflector method (Ophir et al. 1984; Verdonk et al. 1996). In this
approach, the approximately 1.0 mm-thick fetal heart specimens were mounted on a stainless-
steel plate and placed in a custom-designed and constructed water tank. A broadband, 50-MHz
center frequency, single-element transducer (6.35 mm diameter, 12.7 mm focus, Panametrics
V390; Panametrics Inc., Waltham, MA, USA) with a nominal 60 um beam width was used to
insonify the specimens and measure the specular reflection from the shadowed surface of the
stainless-steel plate. The angle of insonification was perpendicular to the cut face of the
myocardial slice such that the ultrasonic wave propagated through the entire thickness of each
specimen twice. Figure 1 shows a block diagram illustrating the experimental setup and the
orientation of the transducer with respect to the myocardial slice. The transducer was used in
pulse-echo mode, and data were acquired over the entire specimen, by translating the
transmitting/receiving transducer in a C-scan pattern using a Newport XPS motion controller
(Newport Corp., Mountain View, CA, USA) in 50 um steps. The vertical position of the
transducer was adjusted to place the focus at the front face of the stainless-steel plate. A
Panametrics 5900 pulser/receiver was used in conjunction with a Panametrics 5627RPP-1
remote pulser/preamplifier to drive the transmit of the Panametrics V390 50-MHz transducer
and preamplify the reflected signal from the surface of the shadowed stainless-steel plate. The
shadowed reflector signal from each interrogated myocardial site was digitized at 625
megasamples-per-second, signal averaged 64 times, and stored as a 2500-point record using a
Tektronix 5052B digital oscilloscope with 8-bit digitization (Tektronix Inc., Beaverton, OR,
USA). In addition to the tissue-shadowed reflected signals, unshadowed specular reflections
from the stainless-steel plate were acquired as reference signals using the same acquisition
parameters.

Data Analyses

Each radio-frequency (RF) signal acquired was gated using a 0.67 pus long Tukey window
centered on the reflection off the stainless-steel plate. Contributions to the measured signal
arising from myocardial backscatter within the gate were small compared to the specularly-
reflected signal from the stainless-steel plate and did not significantly affect the measurements.
At each site, the power spectrum was calculated from the gated waveform using a fast Fourier
transform and the same algorithm was performed on the water-path-only reference signal from
the steel plate.

The power spectrum Peference(f) Of the received reference signal can be expressed as
Preference(N=Po(f) - Eo(f ) - [XP(~host(F) - 2L)T - Drost(£)) - Ry e picron) o

where Py(f) is the transmitted power spectrum, Eq(f) is the frequency response of the transducer
and associated electronics, apgst(f) is the frequency dependent attenuation coefficient of the
host medium (water), L represents the distance from the transducer to the stainless-steel plate,
Dhost(f) is the diffraction effects in the host medium, and R is the intensity reflection coefficient
at the surface of the stainless-steel reflector. Similarly the received power spectrum,
Pspecimen(f) of the reflector shadowed by the specimen can be written as
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in which £ represents the specimen thickness, aspecimen(f) is the frequency dependent
attenuation coefficient of the specimen, Dspecimen(f) is the diffraction effects in the path
including the host and specimen, and T represents the intensity transmission coefficients at the
interface between the host medium and specimen. Figure 2a shows representative logarithmic
power spectra corresponding to a reference signal and specimen signal for one site within the
specimen.

A ratio of the linear reference power spectrum (Equation 1) and linear specimen power
spectrum (Equation 2) is then used to calculate the total signal loss (TSL) and compensate for
the frequency response of the transducer and associated electronics.

Preference () 2
TSL= m =( exp((y.s‘pecimen (f) = @nosi(f)) - 2£]
Intensity
it

Tntensity ~plntensity —Intensity
(T )-(R YT pecimen—host) ®)

host— specimen speci reflector speci
host 7 flect 1

The total signal loss has contributions arising from the reflection and transmission losses at
the water, tissue and stainless-steel interfaces as well as the losses associated with the intrinsic
attenuation properties of myocardial tissue. The effects of diffraction are not explicitly stated
in the expression for the total signal loss because of the similarity of the velocity of sound in
water and myocardium. Furthermore, because the experiment is performed at 50 MHz, the
attenuation coefficient of water, the host medium, cannot be neglected. At the experimental
temperature of 24°C, the frequency dependent attenuation coefficient of water was taken to be
anost() = (2.2 x 1074) -2 cm~IMHz 2 where f is the frequency in MHz (AIUM 1992).

By rearranging Equation 3 and converting to logarithmic units, the compensated signal loss is
written as

@ pecimen.dB (f) -20=10 IOg(P reference) -10 IOg(P specimen)+‘l’/,‘,x,,41g(/) -2

Intensity
host— reflector

—10log =

SIntensity Intensity Intensity
host—s; -imen)( speci oAl -mr) (T,m' hos ) (4)

where aspecimen,ds(f) and anost,ap(f) are expressed in units of dB/cm and the signal loss due
to water (host) is added to the reflection and transmission losses. The reflection and
transmission coefficients were calculated based on the acoustic impedance values (MKS units)
of stainless steel (45.4 MRayl), water (1.46 MRayl), and fixed myocardium (1.67 MRayl)
(Baldwin et al. 2005b; Yang et al. 2006). The value for the acoustic impedance of myocardium
was derived from density and speed of sound measurements of fixed ovine myocardium at
lower frequencies. However, we anticipate the potential difference in the acoustic impedance
for the two species and two frequency ranges should have minimal effects on the reported
results. Figure 2b displays representative total signal loss and compensated signal loss curves
for one site. After these compensations were applied to the measured signal loss, the attenuation
coefficient as a function of frequency was determined by dividing by twice the thickness of
the tissue. The tissue thickness was determined with a micrometer that was mounted on the
custom-designed cutting tool used to slice the specimens.
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The compensated attenuation coefficient was further analyzed to determine the attenuation
coefficient at a specific frequency and the frequency dependence of the attenuation coefficient
over the usable bandwidth. A line was fit to the compensated attenuation coefficient data over
the useful 6 dB bandwidth of 30 MHz to 60 MHz. From this best-fit line the slope of attenuation
coefficient and attenuation coefficient at 45 MHz were recorded for each site interrogated. This
algorithm was applied to every shadowed reflector RF signal obtained to form images of the
entire fetal pig heart slice. Images of the attenuation properties were created by mapping the
attenuation measurements to grayscale values and displaying them as pixels in either a slope
of attenuation coefficient from 30-60MHz image or an attenuation coefficient at 45 MHz
image. Figure 3a displays a representative slope of attenuation image for one of the fetal pig
hearts. All data analysis was performed using Igor Pro (WaveMetrics Inc., Portland, OR, USA)
on a PowerBook G4 (Apple Inc., Cupertino, CA, USA).

Measurement of attenuation properties from the left ventricular and right ventricular free

walls

Results

To compare the attenuation properties of the left ventricular myocardium with those of the
right, measurements were obtained from regions of perpendicular insonification relative to the
predominant myofiber orientation based on previous analyses of the backscatter data from
these fetal hearts (Gibson et al. 2007). These specific regions of interest were chosen to reduce
the confounding effects of tissue anisotropy on the ultrasonic measurements and enable
assessment of other intrinsic properties of the tissue. Figure 3b illustrates the placement of the
regions of interest on a representative slope of attenuation image.

The regions of interest used for analyses in each attenuation image were similar in size, shape,
and placement as those regions used previously (Gibson et al. 2007). Each region of interest
was centered on a line bisecting the ventricular free walls and septum. The size of the region
of interest was uniform within each individual heart, but varied between different hearts
depending on the transmural dimension of the regions of perpendicular insonification, as
validated by histology. The average area for the regions of interest was 0.533 mm?2. The regions
were always chosen to be small enough to cover only the band of perpendicular insonification,
but large enough to provide reasonable spatial averaging of measured values. Because the fetal
hearts were not repositioned between acquisitions of backscatter and attenuation data, each
region of interest was drawn on the backscatter images and copied onto the attenuation images
to ensure the same myocardial regions were compared for each heart.

Regional Variation of Attenuation Properties

Parametric images generated from measurements of the slope of the attenuation coefficient
from 30-60 MHz and attenuation coefficient at 45 MHz illustrate distinct patterns of
attenuation in the left and right ventricular myocardium for all 15 specimens investigated.
These spatial variations in attenuation properties are consistent with those reported for apparent
integrated backscatter values (Gibson et al. 2007) and are further examined in the

Discussion section. The attenuation images show distinctly different patterns of values in the
left and right ventricular myocardium implying distinct ventricular myoarchitecture and
properties between the two sides. In these images the darkest levels, representing relatively
small attenuation coefficient or small slope of attenuation coefficient values, are located in the
mid-myocardium of left ventricles and brighter regions (higher attenuation coefficient or slope
of attenuation coefficient) are located in the subepicardium and subendocardium. VValues range
from approximately 0.5 dB/(cmeMHz) to 1.5 dB/(cmeMHz) for slope of attenuation coefficient
(20to 60 dB/cm for the attenuation coefficient at 45 MHz) in this region. In the right ventricular
myocardium the regions with lower attenuation values were positioned more subepicardially
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with regions of higher attenuation values on the endocardial side of the ventricular free wall.
Right ventricular values ranged from 1.0 dB/(cmeMHz) to 2.5 dB/(cm*MHz) for slope of
attenuation coefficient and 40 to 70 dB/cm for the attenuation coefficient at 45 MHz in this
region. Figure 3 shows representative patterns of attenuation for the left and right ventricular
myocardium for one of the fetal hearts.

Comparison of attenuation properties

In general, the right ventricular myocardium of each ultrasonic attenuation image exhibits
larger values of the slope of attenuation coefficient and the attenuation coefficient at 45 MHz
than the left ventricular myocardium. Figure 4 shows the results of attenuation measurements
from the left and right ventricular myocardium for regions of perpendicular insonification
relative to myofibers. This figure depicts a) measurements of the slope of attenuation
coefficient from 30-60 MHz and b) the attenuation coefficient at 45 MHz for the 15 fetal pig
hearts along with the corresponding mean levels. In both sets of measurements, the right
ventricular myocardium yields significantly larger values than the left ventricular myocardium,
both for paired analyses within each specimen (p < 0.0001; paired t-test) as well as overall (p
< 0.005; unpaired t-test; N=15). Specifically, the mean slope of attenuation coefficient over
the experimental bandwidth was 1.48 + 0.22 and 1.18 + 0.24 dB/(cm*MHz) (mean * standard
deviation; N = 15; p < 0.005; unpaired t-test) from the myocardium of the right ventricle and
left ventricle, respectively. The mean attenuation coefficient at 45 MHz was 46.3 £ 7.3 dB/cm
for the right ventricular myocardium and 37.0 = 7.9 dB/cm for the left ventricular myocardium
(mean * standard deviation; N = 15; p < 0.005; unpaired t-test) showing a 9.3 dB/cm difference
between the two ventricles.

Discussion

Unlike mature adult hearts, both ventricles of fetal hearts are exposed to similar pressures that
represent an important determinant of ventricular geometry. Despite the similar prenatal
loading conditions, previous embryologic studies suggest the left and right ventricular
myocardium develop differently (Salih et al. 2004; Sanchez-Quintana et al. 1995; Smolich et
al. 1989). These developmental differences lead to particular interest in quantifying the intrinsic
differences in the left and right ventricular myoarchitecture and properties of the developing
heart. Because the intrinsic composition and myofiber orientation of the heart can affect
measured ultrasonic properties and hence fetal echocardiographic imaging, our aim is to
analyze the ultrasonic attenuation parameters and compare these to the reported backscatter
results, as a means of characterizing the fetal myocardium.

High frequency analysis of the ventricular myocardium shows transmural variations in the
attenuation properties of the heart that appear consistent with the variations observed in
previously published backscatter data (Gibson et al. 2007). Grayscale images of the histology,
apparent integrated backscatter values, slope of attenuation coefficient values, and attenuation
coefficient at 4A5MHz values are shown in Figure 5 for a representative fetal pig heart specimen.
Both the backscatter and attenuation images display bands within the mid-myocardium of the
left ventricular free wall and the subepicardial area of the right ventricular free wall that
correspond to insonification perpendicular to the predominant myofiber orientation as
validated by histology.

The three panels in Figure 6 depict mean transmural line profiles of the apparent integrated
backscatter values and slope of attenuation coefficient values for the left ventricular free wall,
septal wall, and right ventricular free wall, as well as a pictorial representation of the
approximate location of each line profile for each heart investigated. The line profiles for each
heart wall were generated by plotting the measured backscatter or attenuation values as a
function of the percentage of wall thickness. Results from each specimen were averaged to
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produce the mean line profiles illustrated. The line profile data represents that corresponding
to the bisecting line for each specimen as indicated in Figure 3b. The nature of the transmural
line profiles depicted in Figures 6 appears consistent with what would be anticipated based on
previously published studies examining the effects of anisotropy on ultrasonic parameters
(Baldwin et al. 2006;Hall etal. 1997;Hoffmeister et al. 1995; Kumar and Mottley 1994;Madaras
et al. 1988;Mottley and Miller 1988;Mottley and Miller 1990;Sosnovik et al. 2001;Verdonk et
al. 1996). Specifically, these studies demonstrated that maximum values of apparent
backscatter with minimum levels of attenuation are associated with perpendicular
insonification relative to the myofibers whereas, for non-perpendicular insonification larger
levels of attenuation and smaller levels of apparent backscatter are observed. The measured
line profiles demonstrate that the maximum apparent integrated backscatter values and slope
of attenuation coefficient values are larger in the right ventricular free wall than the
corresponding values in the left ventricular free wall.

Comparison of the values in these line profiles with the mean values for the slope of attenuation
coefficient depicted in Figure 4 and the backscatter results reported previously (Gibson et al.
2007) demonstrate slight differences. This is a result of averaging the line profiles from the 15
individual hearts, each exhibiting slight variations in transmural myofiber orientation. Hence,
the absolute ultrasonic values are somewhat muted by the influence of varying fiber orientation,
and the detailed shape of the transmural line profiles may be influenced as well. On average
these observed transmural variations of the acoustic properties of the left and right ventricular
myocardium are consistent with previously published fiber architecture data. Sanchez-
Quintanta et al. describe architecture of three layers (subepicardial, middle, subendocardial)
in the left ventricular myocardium and a right ventricular fiber architecture consisting of only
two layers (subendocardial, subepicardial) for the prenatal and adult human hearts (1995).

Additional insights regarding the intrinsic properties of fetal myocardium can be obtained by
further analyses of those regions of perpendicular insonification within the ventricular free
walls. A comparison of the ultrasonic measurements in the left and right ventricular regions
show both the attenuation coefficient (and its frequency dependence) and the backscatter levels
are larger in the right ventricular myocardium than in the left ventricular myocardium. Because
the results from these regions (perpendicular insonification) diminish the effects of fiber
orientation, these differences may imply compositional differences between the two ventricles.
This observation is consistent with previously published data from mature hearts that
demonstrate higher collagen content in the right ventricular myocardium compared to the
myocardium of the left ventricle (Hoyt et al. 1984; Hoyt et al. 1985). These studies also showed
that an increase in myocardial collagen concentration correlates with an increase in both the
measured ultrasonic attenuation and backscatter (Hall et al. 2000b; Hoyt et al. 1984; Hoyt et
al. 1985; Mimbs et al. 1980; Mimbs et al. 1981; Nguyen et al. 2001; O’Donnell et al. 1979;
O’Donnell et al. 1981; Perez et al. 1984; Pohlhammer and O’Brien 1981; Wear et al. 1989;
Wong et al. 1993).

Clinical Implications

The results of these ultrasonic measurements of excised fetal hearts permit an assessment of
the myoarchitecture and intrinsic properties of the developing heart. Although these
measurements obtained at 50 MHz are well beyond the frequencies used clinically, the
influence of the regional variations in acoustic properties discernable at high frequencies may
affect features observed in clinical fetal echocardiographic imaging (Holland et al. 1998).
Previous studies from our laboratory suggest several of the features of myocardial backscatter
observed at lower frequencies (e.g., anisotropy of backscatter) (Hoffmeister et al. 1995;
Mottley and Miller 1988) are observed at higher frequencies as well (Bridal et al. 1993; Hall
et al. 2000a; Hall et al. 2000b; Saijo et al. 1997).
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Knowledge of the intrinsic properties of the fetal heart may permit researchers and clinicians
to more accurately identify abnormalities of the myocardium earlier than they are currently
identified and permit an enhanced interpretation of the in vivo examinations of the fetal heart.
Congenital heart defects and cardiomyopathies that exhibit a spectrum of pathologic substrates
with myocardial fiber disarray and altered myoarchitecture evolve in the first trimester but are
only recognized by current echocardiographic modalities in the second trimester. An evaluation
of intrinsic properties of the fetal myocardium, discernable by backscatter and attenuation
properties in the early stages of hearts destined to develop in congenital heart defects,
myopathies or altered myocardial function due to an adverse intrauterine environment, will
likely improve diagnostic ability and the scope of favorable intervention in the future.

A potential limitation of this study was that ultrasonic measurements were performed on
formalin-fixed specimens at room temperature. While it is known that fixation does affect
absolute values of ultrasonically measured quantities (Baldwin et al. 2005a; Bamber et al.
1979; Hall et al. 2000a; Takiuchi et al. 2001; van der Steen et al. 1991), the measurements
performed in this study focused on relative properties of the heart, which should be largely
preserved in fixed myocardium. For this research study, the length of time required for data
acquisition (hours) and concerns regarding fresh tissue degradation made the use of fresh tissue
impractical, although desirable.

The region of interest placement may represent another concern of our study. Regions of
interest were intentionally located in areas primarily perpendicular to the direction of
insonification, as validated by histological analysis, in order to minimize the effects of
myocardial anisotropy. However, it is possible that some regions encircle a few non-
perpendicular fibers. Because the analysis averages over the entire area enclosed, the large
number of perpendicular fibers in the enclosed area will minimize the effects of the non-
perpendicular fibers.

Measurements of the attenuation coefficient at 45 MHz and slope of attenuation coefficient
from 30-60 MHz demonstrate regional differences between the left and right ventricular
myocardium of the developing heart that appear to correspond to previously reported regional
differences in apparent integrated backscatter measurements and histological analyses (Gibson
et al. 2007). Measurements exhibited the smallest levels of attenuation and the largest levels
of backscatter for those regions where insonification was perpendicular to the predominant
myofiber direction. More specifically, for data acquired with insonification perpendicular to
the cut faces of the transverse cross-sectional fetal heart specimens, lower attenuation values
and higher backscatter values were located in the mid-myocardium of the left ventricle and
located more subepicardially in the right ventricular myocardium. Furthermore, attenuation
and backscatter values for perpendicular insonification in the right ventricular free wall were
larger than those areas in the left ventricular free wall, suggesting intrinsic differences between
the two ventricles.

The results of this study appear consistent with previously published literature examining the
differences in tissue properties of developing hearts (Salih et al. 2004; Sanchez-Quintana et al.
1995; Smolich et al. 1989). It is interesting to note that, in spite of exposure to similar prenatal
loading conditions, the left and right ventricular myocardium show architectural and
compositional differences in the ultrasonic measurements. This suggests that the left and right
ventricles of the fetal heart follow a biogenetically predetermined trajectory of growth and
development that may be altered by the intrauterine environment. An adverse environment can
result in an altered trajectory of the developing heart leading to a permanent change in
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cardiovascular structure and physiology (Barker 1995; Lucas 1991). Hence, prenatal changes
in structural and viscoelastic properties resulting in altered ultrasonic properties of the
myocardium may permit analyses of fetal echocardiographic images to discern cardiac changes
with consequential long-term postnatal effects.
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Block diagram illustrating the experimental setup. The 50-MHz transducer scans the excised
heart specimen in a C-scan format. LV=left ventricle; RV=right ventricle
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(a) Representative power spectra for a reference signal and specimen signal at one site. (b) A
representative signal loss curve and signal loss compensated for transmission and reflection
effects and the attenuation effect of water at high frequencies.
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Figure 3.

(a) Representative slope of attenuation image of a fetal pig heart with bright pixels representing
relatively large values for slope of attenuation and dark pixels representing small values for
slope of attenuation (range 0.5 to 2.0 dB/(cmeMHz)). LV=left ventricle; RV=right ventricle
(b) An illustration of the bisecting line used for line profile analysis and locations of the regions
of interest in a representative slope of attenuation image.
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Figure 4.

(a) Individual and mean + standard error values (N=15) for the slope of attenuation coefficient
from regions within the ventricular free walls with perpendicular insonification relative to the
predominant myofiber orientation. (b) The mean and standard error (N=15) of the attenuation
coefficient at 45 MHz from the left and right ventricular free walls where insonification is
perpendicular to the predominant myofiber orienation.
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Figure 5.

Histology, backscatter, and attenuation images from a representative fetal pig heart. White
represents large apparent integrated backscatter values in the second image from the left and
large values for slope of attenuation coefficient and attenuation coefficient at 45 MHz in the
two rightimages, respectively. Black represents small values of apparent integrated backscatter
in the second image and small slope of attenuation coefficient and attenuation coefficient at
45 MHz values in the two right images. LV=left ventricle; RV=right ventricle

Ultrasound Med Biol. Author manuscript; available in PMC 2010 February 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Gibson et al.

Page 17

Left Ventricular Right Ventricular
Free Wall

Septal Wall
Free Wall P
-38 = -18 -
Mean =+ Std Err
-40 -

-1.8

- 1.7

-42 - 1.6

1.5
-46 -
S k14
-48 +

b
-50 1.3

52413 L 1.2

Mean + Std Err Mean + Std Err
544 1.1 -544 1.1 -544 - 1.1

Epi- =—— Endo Left sile —— Rightside Endo ————p Epi-

© o e

O = Apparent Int. Backscatter A = Slope of Attenuation

Apparent Int. Backscatter (dB)
((zHW-wo)/gp) "uany J0 adojs

Figure 6.

Mean (+ SE) values of the apparent integrated backscatter (IBS) and slope of attenuation
coefficient with respect to position within the left ventricular free wall, septal wall, and right
ventricular free wall for 15 fetal pig heart specimens. The open circles represent average
apparent integrated backscatter values and correspond to the left axes. The average slope of
attenuation coefficient values are plotted using triangles and correspond to the right axes.
Below the graphs are illustrations of the locations of the line profiles within the walls of the
fetal pig hearts. LV=left ventricle; RV=right ventricle
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