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Abstract—We evaluated quantitative ultrasonic methods for assessment of carotid plaque content. In vitro
measurements of fixed, carotid plaque specimens obtained by surgical endarterectomy were performed using a
clinical Philips HDI 5000 imaging system connected to a radiofrequency (RF) signal-acquisition system. We
acquired RF signals and grey-scale images from carotid specimens (2 = 17) and a tissue-mimicking reference
phantom. Imaged plaque sections were then classified according to histology. Parametric images were con-
structed from the integrated backscatter (IBS), and the midband, slope and intercept values of a straight-line fit
to the apparent backscatter transfer function. Analysis was performed on 82 regions-of-interest (ROIs). The IBS
values for collagen, lipid and hemorrhage plaques were 5.8 = 5.4, 3.9 + 3.7, 2.8 + 2.2 dB, respectively. Midband
and IBS parameter images exhibited good agreement in morphology with histology, whereas the slope and
intercept parameter images were noisy. Mean IBS, midband, and grey-scale values of complex plaques were
found to be statistically different (p < 0.05) from lipid, hemorrhage and fibrolipid plagues. The bias and Hmits
of agreement (1.3 = 4.9 dB) between the grey-scale and IBS methods, however, indicated that the two methods
were not interchangeable. Results indicate necessary improvements, such as reduction of large measurement
variances and identification of robust parameters, that will permit multiparametric characterization of carotid
plaque under in vivo conditions. (E-mail: krwaters@boulder.nist.gov) © 2003 World Federation for Ultrasound
in Medicine & Biology.

Key Words: Atherosclerosis, Tissue characterization, In vitro measurement, Carotid plaque, Ultrasonic backscat-
ter, Parametric image, Backscatter transfer fumction, Integrated backscatter, Mid-band, Slope, Intercept,
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INTRODUCTION

Atherosclerosis is a primary cause of heart disease and
stroke, which is estimated to be the underlying cause of
50% of deaths in westernized countries (Lusis 2000).
Composition and structure of atherosclerotic plaques
have been identified as factors influencing the clinical
risk (Davies and Thomas 1985; Loree et al. 1992) that is
associated with rupture, ulceration and thrombosis, as
well as the response of the plaque to interventional or
pharmacological therapies (Coy et al. 1992). Conse-
quently, a noninvasive technique permitting the evalua-
tion of plaque composition before treatment could pro-
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vide useful information for the evaluation of patient risk
and guidance of therapeutic decisions and monitoring.

The carotid artery is a site of atherosclerotic plaque
formation that could particularly benefit from the devel-
opment of such a technique. Currently, the decision for
carotid plaque removal is based primarily on the level of
stenosis. Of the methods available for revascularization,
surgical intervention (i.e., endarterectomy) may be the
most appropriate for fragile and highly stenotic plaques
(NASCET 1991). In other cases, intraluminal or phar-
macological approaches could provide less invasive al-
ternatives.

A large percentage of carotid plaques responsible for
stroke are easily accessible to noninvasive ultrasonic
evaluation. Although ultrasonic duplex imaging (i.e.,
Doppler and grey-scale) of the carotid artery is routinely
used in the clinic to assess the level of stenosis and blood
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flow, the evaluation of plaque composition that can be
obtained from such images remains limited. Several ap-
proaches for the evaluation of atherosclerotic plague
composition using ultrasonic images have been explored.
Qualitative methods have been proposed to visually eval-
uate plaque morphology, brightness and heterogeneity
{Gronholdt et al. 1997, 1998). Quantitative approaches
involving computer-assisted estimation of image texture
(Wilhjelm et al. 1998) or mean grey-scale have also been
proposed (Urbani et al. 1993). Although such systematic
approaches to image evaluation provide additional infor-
mation related to plaque content, the assessment of the
image can be strongly dependent on system settings,
such as image compression techniques, time-gain-com-
pensation (TGC) levels, and beam-focusing parameters.

Quantitative approaches based upon the analysis of
radiofrequency (RF) signals aim to remove system-de-
pendent effects on the signal backscattered from the
atherosclerotic plaque. Such quantitative tissue charac-
terization is based upon the principle that architectural
alterations resulting from disease processes may modify
the scattering and propagation of the ultrasound (US) in
the tissues (Campbell and Waag 1983; Lizzi et al. 1983).
The application of appropriate signal analysis technigues
can provide estimates of the US propagation and scat-
tering properties (Barzilai et al. 1987; Picano et al. 1988)
and strain-based properties (de Korte et al. 2000) of
vascular tissues. These may potentially provide addi-
tional objective information of diagnostic significance.

The objective of this investigation was to demon-
strate that RF signals (5 to 9 MHz) acquired with a
clinical US imaging system using a linear array can
potentially be used for the noninvasive, quantitative
characterization of carotid arterial plaque under in vivo
conditions. The feasibility of this approach is demon-
strated via in vitro measurements of formalin-fixed, hu-
man carotid plaque specimens. Quantitative parametric
images of carotid plaque specimens are constructed from
the analysis of ultrasonic RF measurements. We compare
the analysis of grey-scale images of plaque sections with
the analysis of the corresponding US RF measurements.
Plaque content is determined by histologic evaluation of
the plaque specimens. The correspondence between the
RF, grey-scale and histologic results is discussed.

MATERIALS AND METHODS

Ultrasonic imaging system

Ultrasonic measurements were performed using a
Philips HDI 5000 US imaging system (Philips, Bothell,
WA) with a linear array (L.12-5 50; 7.5-MHz) that had a
6-dB down bandwidth of approximately 5 to 9 MHz. The
imaging system was connected to a digitizer (24-MHz
sampling rate) that permitted acquisition of the RF sig-
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nals subsequent to beam formation. The transmit field
had a single focal zone set at 2.3 cm. The mechanical
index (MI) and thermal index (TT) were set to 0.31 and
0.0, respectively. The TGC levels were maintained uni-
form throughout a 4.8-cm field-of-view (FOV), but the
overall gain level was varied between acquisitions to
optimize the available dynamic range. No other system
settings were changed between measurements.

Carotid plague specimens

Carotid plaque specimens were collected from 17
patients (11 men, 6 women) who underwent endarterec-
tomy. The mean age of the patients was 73 years (range:
54 to 91 years). The carotid plague specimens were
surgically removed as casts of the carotid bifurcation
being devoid only of the adventitia and most of the
media, and were kept circumferentially intact. Each
plaque specimen was roughly | ¢m in diameter, with a
length that varied from 0.5 to-4-¢m. Following removal,
specimens were placed in a fixative solution (4% forma-
lin). A discussion of the effects due to fixation of the
plaque specimens can bhe found in the Discussion section.

Tissue-mimicking phantom

A multipurpose tissue-mimicking phantom (Model
§50-5, ATS Laboratories, Inc., Bridgeport, CT) served as
a reference material (Madsen 1993; Zagzebski et al.
1993). The phantom provided a well-characterized me-
dium with homogeneous scattering properties (velocity
= 1450 m/s, slope of attenvation = 0.497 dB/cm/MHz).
The use of a tissue-mimicking phantom as a reference
medium has been proposed as a means to correct for the
diffraction properties of an ultrasonic probe (Fink and
Cardoso 1984). In addition, the phantom is potentially a
convenient reference material for both in vitro and in
vivo measurements, in particular because the modest
amplitude of backscattering from such a phantom per-
mits the use of the same or similar TGC levels as for soft
tissues. This is an advantage over techniques using pla-
nar reflectors that have relatively large reflection coeffi-
cients, for which saturation of the receive electronics
becomes a concern.

Ultrasonic data acquisition

A series of ultrasonic measurements were per-
formed for each carotid plague specimen. The plaque
specimen was immersed in a room-temperature water
bath. The specimen was positioned near the nominal
focal zone of the linear array;so that the surface of the
plaque was approximately 20 mm from the face of the
probe. See Fig. 1 for a diagram of the experimental setup.
A cursory scan of each specimen was initially performed
with the linear array oriented $o that circular cross-
sections of the plague were imaged while translating the




2¢-
ze:
2re

the
ach
ha
sal,
na-
the

el
1as
al.
ne-
city
1z).
nce
“the
and
lya
1in
dest
per-
soft
pla-
effi-
Tnics

per-
aque
vater
ainal
f the
f the
2tup.
‘med
ross-
g the

o L 12-5 50 Probe —

Specimen of

interest e Water Stand-off
(~1 cm diam)
~2cm
NN
& . o
— Tissue-Mimicking
Phantom

(8= 0.5 dB/cm/MHz)

Specimen Measurement Reference Measurement

(2 (b)

Fig. 1. (a) Diagram representing the experimental setup for data
acquisitions performed for each carotid plaque specimen. Each
specimen is immersed in a room-temperature water bath and
placed near the focal distance of the ultrasonic probe (near 2.3
cm). (b) A similar reference measurement is performed using a
tissue-mimicking phantom.

array along the long axis of the plaque. This permitted
the identification of spatially independent, highly ste-
notic sections of plaque that had a minimal presence of
calcification, which is generally associated with high
echogenicity. The TGC levels were adjusted so that no
saturation of the ultrasonic signal occurred. Ultrasonic
measurements were made at 62 spatiaily independent
transverse planes of the 17 plaque specimens. Approxi-
mately three to four measurements were made for each
specimen, but this varied between one and seven mea-
surements, depending on the length of the plaque spec-
imen. Sets of ultrasonic RF signals and grey-scale im-
ages of each plane were then acquired and saved to disk
for off-line analysis.

For each acquisition of a carotid specimen, a cor-
responding measurement was made of the phantom (Fig.
1b) with a water stand-off. The same system seftings
(e.g., TGC levels) were used, and the distance between
the face of the probe and the surface of the phantom was
the same as the distance between the face of the probe
and the surface of the plaque. Representative grey-scale
images of a carotid plaque section and the phantom are
shown in Fig. 2.

Histology

Following the ultrasonic acquisitions for each
plaque specimen, the imaged plague sections were
marked to permit orientation of histologic sections with
respect to ultrasonic images, and then prepared for his-
tology (Bridal et al. 1997b). Sections (3-pm thick) were
stained with hematoxylin-eosin-saffron (HES) for iden-
tification of cells and connective tissue. Histologic sec-
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(a) ®)

Fig. 2. Representative grey-scale images of (a) a carotid plaque
specimen and (b) the tissue-mimicking phantom.

tions were then viewed using an optical magnifier (Wild
Heerbrugg M7 S, Leica Microsystems, Wetzlar, Ger-
many) and an optical microscope (Leitz Aristoplan,
Leica Microsystems). Digital images (100X magnifica-
tion) of the magnified histologic sections were acquired
using a charge coupled device (CCD) 3 camera (KY-
F55B, JVC, Yokohama, Japan) and digital image acqui-
sition software (Perfect Image V5.3, Clara Vision, Or-
say, France). The selection of the histology regions to
image at this magnification was based on the presence of
morphologic markers in the images of the plaques and
the location of regions selected from ultrasonic paramet-
ric images, as discussed in more detail in the Region-of-
interest selection section.

A pathologist, who was “blind” to the correspond-
ing ultrasonic images and results, quantitatively classi-
fied the plaque content by examination of histologic
sections identified in the digitized images of the histo-
logic sections (Bridal et al. 1997a). Figure 3a, b, ¢ shows
microscopic (100X magnification) histology images of
representative ROIs of collagen (fibrous), lipid and hem-
orrhage plaques, respectively. In this study, regions were
assigned one of eight plaque classifications: collagen or
fibrous (F), lipid (L), intraplaque hemorrhage (H), fibro-
lipid (FL), lipid-hemorrhage (LH), fibrocalcification
(FCa), fibrohemorrhage (FH) and complex (Com)
plagues. Complex plaques contained at least three of the

(©)

Fig. 3. Microscopic images (100X magnification) of histologic
ROIs of (1) a collagen plaque, (b) a lipid plague, and (c) a
hemorrhage plaque.
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four plaque constituents of collagen, lipid, intraplagque
hemorthage and calcification. A total of 82 histologic
ROIs were evaluated: ny; = 26,1 = 13, ng = 10, ngy, =
10, gy = 2, gy = 6, My = 5 and Acy, = 10. Of the
10 complex plaques, 9 were F-L-H plaques, and one was
F-L-H-Ca.

ULTRASONIC DATA ANALYSIS

We considered several analysis techniques of the RF
and grey-scale measurements. The apparent backscatter
transfer function (ABSTF) of a carotid plaque ROI was
determined by spectral analysis of ultrasonic RF mea-
surements using a sliding window technique. from which
several parameters were determined. Images were then
constructed from these parameters, and average param-
eter values are determined from ROIs selected from the
quantitative parametric image. An alternative spectral
technique analyzes an entire “plock” of RF signals in
contrast to the sliding window technique. For the present
case, the blocks were identified based on point and line
number coordinates of the ROIs previously selected from
the parametric images. For each block, a single spatially
averaged parameter value was obtained. A third ap-
proach is based upon the analysis of the grey-scale im-
ages.

Parametric image CONStruction

RF analysis was performed in MATLAB (Version
6, The MathWorks, Inc., Natick, MA) using a sliding
window (32-point Hamming gate corresponding to ~1
mm) that was shifted along each RF line by 1 point
between sequential windows (97% overlap). For each
windowed segment of RF signal, the power spectrum
was calculated from the magnitude squared of the fast
Fourier transform for both the plaque ([Fe(@)]) and
the reference phantom (|F.(@){). The ABSTF is given
by the ratio of the tissue power spectrum to the reference
phantom power spectrum. We then considered several
parameters based on a straight-line fit to the ABSTF
(Lizzi et al. 1986), including the midband, slope and
intercept values as graphically represented in Fig. 4. We
also considered the IBS parameter, which is determined
using the conventional expression (Bridal et al. 1997b):

1 o IFtissuc(w) :
IBS = ——— | 10log, 5 ldw,
— Wy /

Wy ‘F;f((;)

.

(1

where w; and oy, are the lower and upper frequency
bandwidth limits, respectively. Each resulting parameter
estimate was mapped to a pixel of the quantitative para-
metric images. We note that neighboring pixels along the

20

15 ¢

10

ABSTF [dB]

Frequency [MHz]

Fig. 4. Representative example of the apparent backscatter
transfer function (ABSTF) over the frequency range 5 to 9
MHz (solid curve) determiried by'the ratio of the backscattered
power from a region of carotid plaque to the backscattered
power from a region of the tissue-inimicking phantom. Exam-
ples of parameters derived from the straight-line fit (——-) to
the ABSTF are also noted: midband, slope and intercept values.

depth axis of the quantitative image are not independent
because of the high degree of window overlap.

Region-of-interest selection

Region-of-interest analysis was performed follow-
ing the construction of the parametric images. The se-
lection of the ROIs in the images of the plaque sections
was limited to regions nearest to the face of the ultrasonic
probe, to minimize effects due to path length attenuation
in the tissue. Each individual ROI had dimensions of |
mm X 1 mm (or, 32 points by 11 lines), and were
independent (i.e., no overlap with other ROIs). Efforts
were made to avoid highly echogenic regions, which are
typically associated with large calcifications, as previ-
ously mentioned. The ROls were selected through the aid
of a graphic interface of an in-house analysis software
package. The same ROIs for a given plaque section were
used for each parametric image. Each parameter was
then spatially averaged within each ROI of the paramet-
ric image. A total of 82 ROIs were selected for ultrasonic
analysis.

Block RF parametric analysis

A Hamming window of 64 points was applied to
each RF line of the same ROI as that analyzed by the
sliding window technigue described above. (Note: Each
pixel in a parametric image is the result-of the analysis of
32 RF points. Consequently, a 32-point line in a para-
metric image determined using-a slhiding window, 32
point length, 1 point shift, corresponds to the analysis of
64 RF points.) The average power spectrum was then
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power spectrum was calculated for matched regions of
both the carotid plaque specimens and the reference
phantom from which the ABSTF was calculated. The
same parameters were calculated for the block-RF ap-
proach as were calculated for the sliding window ap-
proach.

Grey-scale analysis

Analysis of the grey-scale images was performed
using the HDILab toolkit (Philips Ultrasound research
signal and image processing software; Bothell, WA),
where an attempt to remove the logarithmic compression
and thresholding applied to the ultrasonic grey-scale
signals has been performed. (These signals are some-
times referred to as grey-scale acoustic intensity, as
discussed in the HDILab documentation.). ROIs of size 1
mm X 1| mm were selected in the grey-scale images
corresponding to the ROIs of the parametric images. The
procedure for transferring ROIs from parametric images
to grey-scale images was the same as that for the ROIs of
the histology images (i.e., morphologic markers). The
spatial average of the grey-scale value for each ROT was
determined in the linear domain. We normalize the av-
erage grey-scale value of a ROI of a carotid plaque image
by a corresponding average grey-scale value of a ROI of
the phantom. Finally, the normalized grey-scale value is
expressed in decibels.

Statistical analysis

To determine if we can differentiate the populations
of different plaque types based on US parameter values,
we used a nonparametric Kruskal-Wallis (K-W) com-
parison Z-value test (NCSS 2000, NCSS, Kaysville,
Utah), which makes no assumptions regarding the dis-
tribution of parameter values (e.g., normal). The null
hypothesis is that there is no difference in the mean
parameter values of the plaque types. The alternative
hypothesis is that there is a difference in the mean
parameter values of the plaque types. We choose a level
of significance of 0.05.

Mean and standard deviations (SDs) are reported
for each parameter and plaque type. The K-W analysis
tested if mean parameter values for the different plague
types satisfied the alternative hypothesis. Statistical anal-
ysis was performed on 75 of the original 82 ROIs for the
(sliding window and block) IBS and grey-scale parame-
ters. Fibrohemorrhage plaques (ngy = 2) could not be
compared using the K-W test because of the small pop-
ulation count, for which at least five samples are neces-
sary. In addition, fibrocalcification plaques could not be
included for the statistical analysis based on the assump-
tion of equal variances of parameter values as a function

10

ABSTF {dB]

Frequency {MHz]

Fig. 5. Example of a straight-line fit to an ABSTF with a sinall

correlation coefficient (2 < G.001). The ABSTF from a fibro-

lipidic region over the frequency range 5 to9 MHz is shown as

the solid curve, and the fit to the ABSTE s given by the dashed
line.

of plaque type (i.e., the variance of the IBS parameters of
the fibrocalcification population was too large).

Before calculating the means and SDs of the ultra-
sonic parameters based on the straight-line fit to the
ABSTF (i.e., midband, slope and intercept), we per-
formed an additional statistical test (r-test, p < 0.05) to
determine if there was a significant correlation (Mould
1989) between the fit and ABSTF as determined by the
block-RF analysis. This statistical test removed those fits
with small correlation values (approx. r* < 0.32) at the
expense of reducing the population count of the plaques.
Figure 5 provides an example of a poor straight-line fit to
an apparent BS TF of a fibrolipid plaque that was re-
moved from the population before statistical analysis. A
total of 71% (58 ROIs) of the original 82 ROIs satisfied
the t-test: ng = 17,1, = 9, ny = 8, ngr, = 8, ngy = 2,
Mg = 6, Apca = 3 and ngyy, = 5. The 5 remaining
complex plaques contained collagen, lipid and hemor-
rhage. Fibrohemorrhage (spy = 2) and fibrocalcification
(npc, = 3) plaques could not be compared using the K-W
test because of the small population count. Further dis-
cussion of fitting the ABSTF with a straight line can be
found in the Discussion section.

We also examined whether or not the different
analysis techniques (i.e., sliding window, block, and
grey-scale) agree with one another. Based on a statistical
analysis proposed by Bland and Altman (1986), the lack
of agreement between two measurerment methods is sum-
marized by a bias and limits of agreement. The bias is
estimated as the mean difference between the two mea-
surements (e.g., sliding window IBS and block IBS), and
the limits of agreement (95% confidence level) are esti-
mated as 2 times the SD of the differences.
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(d) (e)

Fig. 6. Images (and corresponding grey-scale limits) of (a)
histology, (b) IBS (—12 to 30 dB), (¢) midband value (—12 to
30 dB), (d) slope (—4 to 4 dB/MHz), and () intercept D to 60
dB) of the straight-line fit to the apparent backscatter transfer
function of a hemorrhage plaque. Each pixel represents an
ultrasonic spectral parameter estimated from ~1 mm-long
Hamming-gated segment of a RF line sampled using a digitizer
connected to a Philips HDI 5000 imaging system. The plaque
was stained with HES before capturing the histologic image
with an optical magnifier.

RESULTS

Representative images of histology and US param-
eters for a section of a hemorrhage plaque are shown in
Fig. 6. Parametric images of the IBS ( Fig. 6b) and
midband value of the straight-line fit to the ABSTF (Fig.
6¢) provided agreement in morphology with histology
(Fig. 6a). Parametric images of the slope and intercept of
the straight-line fit are shown in Fig. 6d, e, respectively.
However, these images of local estimations of the slope
and intercept parameters are very noisy due in part to the
short sliding window used in the analysis (i.e., 1-mm
Jong Hamming-gated segments of RF lines using a 5-to
9-MHz bandwidth).

Mid-band, slope and intercept parameters

The (sliding window and block) midband, slope and
intercept parameter values as a function of plaque type
are summarized in Fig. 7a, b, ¢. We include results for
fibrocalcification and fibrohemorrhage plaques, but note
that their small population counts preclude their use in
the statistical analyses. These results include those 58
ROIs for which the line fits were significantly correlated
with the (block) ABSTF, as discussed above. There was
a bias of —0.7 dB between the sliding window and block
midband parameters, with limits of agreement of 1.8 dB.
Fibrous plaques were found to have a midband value
near 6 dB. The midband value of the fibrous plaques was
approximately 2 dB greater than lipid and lipid-hemor-
rhage plaques and 3 to 4 dB greater than hemorrhage and
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Mid-Band [dB]

Slope [dB/MHz]
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Intercept [dB)

Fig. 7. Summary of (a) midband, (b) slope, and (c) intercept
parameters (mean * SD) as a function of plaque type. Param-
eters were calculated using the sliding window (SW) and
block-RF (block) techniques. * mean midband values for com-
plex and fibrolipid plaques were significantly different (p <
0.05) for both the sliding window and block techniques. I mean
midband values for complex and hemorrhage plaques were
significantly different (p < 0.05) for only the sliding window
technique.

fibrolipid plaques. Complex plaques (F-H-L) had a mid-
band value 1 dB larger than fibrous plaques. A pairwise
K-W statistical analysis indicated that the mean (sliding
window and block) midband values were significantly
different (p < 0.05) for complex and fibrolipid plaques.
The mean (block) midband values of the complex and
hemorrhage plaques also satisfied the alternative hypoth-
esis that the means were different.

The (sliding window and block) slope parameters of
the plaque types are summarized in Fig. 7b. The lack of
agreement between the sliding window and block slope
parameters was 0.7 % 1.1 dB/MHz (bias =+ limits of
agreement). The mean slope of the fibrous plaques was
approximately —3 dB/MHz. The mean slope of the lipid
plaques was 0.5 dB/MHz greater than that of the fibrous
plaques. The mean slopes of the hemorrhage, fibrolipid
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Fig. 8. Summary of sliding window (SW), integrated backscat-
ter (IBS), block-RF IBS, and grey-scale parameters (mean *
SD) as a function of plaque type. * mean values for complex
and fibrolipid plaques; ¥ mean values for complex and hemor-
rhage plaques; and # mean values for complex and lipid
plaques were significantly different for (sliding window and
block) IBS and grey-scale parameters; and T mean values for
complex and lipid-hemorrhage plaques were significantly dif-
ferent for only the GS parameter.

and lipid-hemorrhage plaques were within 0.5 dB/MHz
of each other. A pairwise K-W statistical analysis found
that the null hypothesis was satisfied based on the slope
parameter of the plaque types, or that the mean slope
values of the plaque types were the same (p << 0.05).
The (sliding window and block) intercept parame-
ters of the plaque types are shown in Fig. 7¢. The lack of
agreement between the sliding window and block inter-
cept values was —5.6 *= 7.7 dB. The mean (block)
intercept value of the fibrous plaques was largest (ex-
cluding the fibrocalcification plaques) at 28 dB. The
mean intercept value of the lipid plaques was 6 dB
smaller than that of the fibrous plaques. The mean inter-
cept values of the remaining plaques fell between those
of the fibrous and lipid plaques. Similar to the slope
parameter, the null hypothesis (p < 0.05) was satisfied
for a pairwise K-W statistical analysis of the intercept
parameters of the plaque types, in that the mean intercept
values of the plaques were not significantly different.

Integrated backscatter and grey-scale parameters
Figure 8 summarizes the (sliding window and
block) IBS and grey-scale parameters. In contrast to the
parameter results based on the straight-line fit to the
ABSTEF, all 82 ROIs are reported in the IBS and grey-
scale results. (We note that there is no reason a priori to
exclude any ROIs, as was the case for parameters based
on a straight-line fit to the apparent BS TF.) We again
include the results for the fibrocalcification and fibrohe-
morrhage plaques, but do not attempt any statistical
conclusions. The bias and limits of agreement between
the sliding window and block IBS parameters was 0.0 *
1.8.dB (i.e., no bias). The lack of agreement between the
(sliding window or block) IBS and grey-scale parameters

Material may be protected by copyright law (Title 17, U S. Code) ‘

was-1.3 = 4.9 dB. The mean IBS value of fibrous
plaques were about + 6 dB relative to the phantom. The
mean-IBS values of lipid and hemorrhage plaques were
2 and 3 dB, respectively, below that of fibrous plaques.
Similarly, fibrolipid and lipid-hemorrhage plaques both
had mean [BS values 2 dB below that of fibrous plaques.
The complex plaques had mean IBS values about 4 dB
larger than that of the fibrous plaques. Relative differ-
ences between the grey-scale values ¢f the plaque types
were, in general, smaller than those of the corresponding
IBS values. A pairwise K-W statistical analysis found a
number of plaque pairs that satisfied the alternative hy-
pothesis (p << 0.05). All three parameters (i.e., sliding
window IBS, block IBS, and grey-scale) found the mean
parameter value of the complex plagues to be different
than that of the lipid, hemorrhage and fibrolipid plaques.
In addition, the mean grey-scale parameter of the com-
plex plaques was different from thafof the lipid-hemor-
rhage plaques.

DISCUSSION

This investigation used a clinical US imaging sys-
tem with access to US RF signals and a tissue-mimicking
phantom as a reference material in-an effort to quantita-
tively evalunate carotid plaque content. Evaluation of
plaque content was performed by ROI analysis of para-
metric images, block RF analysis of ultrasonic RF sig-
nals, and grey-scale analysis of clinical images. We have
also considered a number of US parameters, including
the IBS and several others based on a straight-line fit of
the ABSTF.

Previous investigations

Previous measurements of atherosclerotic plaques
have been performed under a variety of experimental
conditions. Several in vitro and ex vivo investigations
(Barzilai et al. 1987; Bridal et al. 2000, 1997a, 1997b;
Nair et al. 2002; Noritomi et al. 1997b) have considered
parameters based on the backscattering and attenuation
properties as a function of plaque composition. These
same investigations were performed with single-element
transducers, and a planar reflector often used as a refer-
ence measurement. In contrast, another study (Takiuchi
et al. 2000) used a linear-array transducer and a selected
tissue type as a reference measurement. A preliminary in
vivo investigation (Noritomi et al. 1997a) used a mul-
tiparametric -approach to - successfully distinguish be-
tween plagues with and without thrombus. This particu-
lar study used a 10-MHz mechanical sector-scanning
transducer with an effective bandwidth of 3 to. 13 MHz,
and considered the slope and intercept of the straight-line
fit to the ABSTF.
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Ultrasonic parameters and histology

The ultrasonic images of the IBS, midband and
grey-scale parameters corresponded well with morphol-
ogy of the histology images. In contrast, the ultrasonic
images of the slope and intercept parameters were very
noisy, and could not be said to agree with the morphol-
ogy of the histology images. This parallels the observa-
tion that the IBS, midband and grey-scale parameters
were able to distinguish plaque types based on the pair-
wise K-W test of mean parameter values, whereas the
slope and intercept parameters could not distinguish
plaque types. In particular, the complex plaque type was
common to each plaque pair found to have different
mean parameter values (i.e.,, Complex-L, Complex-H,
Complex-FL and Complex-LH}.

The mean IBS value for fibrous plaques was ap-
proximately 2 dB larger than that of lipid plaques. Be-
cause of the role played by collagen and lipid in plaque
stability, this difference of 2 dB is of particular interest.
However, we remark that the difference between mean
values of the fibrous and lipid plaques was not found to
be statistically meaningful. This could be due in part to
the large variances and small population counts. Other
researchers (Barzilai et al. 1987) found a difference of
3.2 dB in IBS (bandwidth: 3 to 13 MHz) between fibrous
and fibrolipidic plaques, whereas the current results show
a difference near 2 dB. In addition, the approximately
1-dB difference in average IBS values measured between
lipid and hemorrhage plaques is consistent with the ob-
servation that it is difficult to separate these two types of
plaque using the IBS parameter alone (Bridal et al.
2000). Noritomi et al. (1997a) found significant differ-
ences (t-test, p < 0.01) of —0.48 dB/MHz and + 5.6 dB
between the mean slopes and intercepts, respectively, of
fibrous and lipid plaques. These differences compare
well with the present measurements (—0.59 dB/MHz and
+ 6.4 dB), although statistical significance was, again,
not found. We note that Noritomi and colleagues mea-
sured statistical significance using a parametric r-test,
whereas we have employed the nonparametric K-W test.
It is known that parametric tests are more sensitive than
nonparametric tests, but come at the cost of restricting
the distribution of values (e.g., parameter values are
normally distributed).

Sources of variance

The sources of variance in US spectral parameters
have been well described for parameter image construc-
tion (Lizzi et al. 1997) and ROI spectral averaging (Huis-
man and Thijssen 1996), as in the case of the block-RF
analysis. Considering experimental factors, such as the
bandwidth and the short RF windows along with the
effects of stochastic tissue microstructure in a homoge-
neous tissue, one could expect the SDs of the parameters
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determined by the sliding window technique to be on the
order of 3 to 4 times larger than those determined by the
block-RF technique. As a means to reduce the SD of
spectral estimates, a number of alternative strategies
have been suggested that include using a larger band-
width (Lizzi et al. 1997), smeothing of local estimates in
spectrally homogeneous regions (Gorce et al. 2002),
increasing the number of R¥ linies used for the estimation
of the average spectrum from the reference scattering
medium (Huisman and Thijssen 1996) and using spectral
estimators that may be more accurate than the classic
Fourier methods (Nair et al. 2001). In addition to the
variance due to spectral estimation techniques, heteroge-
neity in tissues will further increase the SD of the pa-
rameter estimates.

Bias and limits of agreement

Measuring agreement between parameters and anal-
ysis techniques was assessed by a bias with limits of
agreement. This included comparison of like parameters
determined by the sliding window and block techniques
(i.e., IBS, midband, slope and intercept). In addition, we
compared the (sliding window and block) IBS parame-
ters with the grey-scale parameter. It is also possible to
compare different parameters based on the same analysis
technique that provide an estimate of the same quantity.
For example, the IBS and midband parameters both
provide an estimate of an average backscattered power.

We found various levels of agreement when com-
paring the same parameters calculated by the sliding
window and block techniques. The IBS and midband
parameters exhibited better agreement, with the IBS pa-
rameter appearing to be most robust (0.0 * 1.7 dB)
between analysis techniques. The bias between the slid-
ing window and block midband parameters was -0.7
dB, and had limits of agreement of + 1.9 dB. Agreement
was 0.7 = 1.1 dB/MHz and —5.6 = 7.7 dB for the slope
and intercept parameters, respectively. If we, instead,
compared different parameters for a given analysis tech-
nique (i.e., sliding window or block), we found the
agreement between the sliding window IBS and sliding
window midband was 0.8 = 0.7 dB. The agreement
between block IBS and block midband was 0.2 = 0.4 dB.
The grey-scale parameter provided still another alterna-
tive estimate of an average backscattered power. Com-
parison of the grey-scale and (sliding window or block)
IBS parameter found a bias with limits of agreement of
1.3 = 4.9 dB.

The question of whether or not parameters or tech-
niques are interchangeable depends in part upon the size
of differences that can be tolerated. For example, one
may find that the IBS and midband parameters can be
used interchangeably, given the relatively small biases
and tight limits of agreement. On the other hand, it is
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‘ likely that the IBS and grey-scale parameters could be
jsed interchangeably considering the bias and relatively

_ large limits of agreement. This discrepancy exists in part

due to the normalization of the grey-scale value of a
plaque region by the grey-scale value of a TM phantom
not being strictly a substitution technique. This analysis
of bias and limits of agreement indicates that one must
use caution when comparing absolute results between
studies.

Significant correlation of straight-line fits

Previous studies (Bridal et al. 2000; Lizzi et al.
1983; Nair et al. 2002; Noritomi et al. 1997b) have
demonstrated the usefulness of considering several pa-
rameters for the evaluation of plaque content. In partic-
uplar, parameters derived from a straight-line fit (e.g.,
slope and intercept) to the ABSTF have often been
considered. The original analytical framework developed
by Lizzi et al. (1986) for fitting the ABSTF with a
straight line is based on a number of assumptions, in-
cluding in part, that any given ROI be considered homo-
geneocus with a uniform size distribution of scatterers.
However, as we have observed for some of the athero-
sclerotic plaque specimens of this investigation, the
ABSTF could not be reasonably fit by a straight line (see
Fig. 5), nor can we be certain that all ROIs are homoge-
neous over length scales (~1 mm) considered here. This
in turn questions the efficacy of using parameters based
on a straight-line fit that may not be appropriate. Conse-~
guently, we performed a statistical rtest (p < 0.05) to
exclude those plaque ROIs with ABSTFs that could not
be fit reasonably with a straight line. This excluded
approximately 30% of the original 82 ROIs.

It is instructive to consider how the mean slope and
intercept parameter values would change if we did not
test for significant correlation. The mean slope values for
fibrous, lipid, and hemorrhage plaques would increase on
average by approximately 0.5 dB/MHz. The correspond-
ing mean intercept values decrease on average by 2 to 5
dB. Perhaps most notable, however, is that the mean
sliding window slope values for lipid-hemorrhage and
complex plaques would be statistically different. In ad-
dition, lipid and lipid-hemorrhage plaques would have
statistically different mean (Block) slope values. This
analysis illustrates the concern one has regarding the
appropriateness of a straight-line fit to the ABSTE. In
many cases, the ABSTF may not be reasonably modeled
as being proportional to frequency. If one were to
‘blindly” apply the straight-line fit to all the plaque RO,
we would conclude that some plaque pairs could be
differentiated by the slope parameter. Assuming that the
analysis of the reduced set of ROIs (r-test selected) is

more accurate, we would then have a false positive. In

other words, the null hypothesis would be incorrectly
rejected.

The present investigation serves as a step toward the
use of ultrasound for the quantitative evaluation of ca-
rotid plaque under in vivo conditions. There are, how-
ever, several limitations of the present study that must be
addressed in future investigations. First, fixation is
known to affect the ultrasonic properties of tissue. Some
research suggests that changes to: the qualitative ultra-
sonic backscattering properties of plague due to fixation
are not significant (Hiro et al. 2001). However, formalin-
fixative solutions have been shown to increase cross
linking in collagenous tissues (Hall et al. 2000), with an
accompanying increase in the magnitude and slope of
attenuation. This increase in attenuation would, in prin-
ciple, lead to a decrease in the level of backscattered US
from collagenous regions and perhaps a reduction in the
difference in levels of backscatter between collagen and
other plaque types. Further study regarding the effects of
fixation on various plague types is consequently of po-
tential interest. Alternative experiinental protocols, in-
cluding ultrasound measurements before fixation (i.e., on
‘fresh’ tissue) or following the freezing of tissue (Bridal
et al. 1997b), can avoid issues related to the fixation of
tissue. Second, plaque sections selected for measurement
in this current study were based on the criterion of
maximum stenosis, which, in part, limited the number of
measurements. Obtaining larger populations of plaque
types could be achieved by imaging at periodic positions
along the plaque length (e.g., every 1 mm) as has been
performed in other investigations (Noritomi et al.
1997b). Last, a better understanding of how plaque com-
position affects the propagation and scattering propertics
of the US can lead to determination of what are the most
appropriate parameters for the differentiation of plaque
type for given experimental conditions. It remains a
related topic of continuing research as to the observation
that average-like parameters (e.g., IBS) provide better
morphologic agreement to histology than do derivative-
like parameters {e.g., slope).

SUMMARY

We have performed in vitro measurements of fixed,
human carotid plaque specimens using a 7.5-MHz linear
array of a clinical US imaging system capable of acquir-
ing both grey-scale images and ultrasonic RF signals. A
tissue-mimicking phantom served as a reference mate-
rial. We considered the IBS and the midband, slope and
intercept values derived from a straight-line fit to the
ABSTE. For certain plaque ROIs, the straight-line fits
and ABSTF were not significantly correlated and, con-
sequently, those ROIs were removed from the population

_before any statistical analysis. The IBS and midband
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parameters provided good agreement in morphology
with the histology images. In addition, parameters based
on an average backscattered power (i.e., IBS. midband
and grey-scale) were found to be more sensitive to
plaque type than those parameters based on the fre-
quency dependence of the backscattered power (ie.,
slope and intercept). Complex plaques had significantly
different mean IBS, midband and grey-scale parameter
values compared to those parameter values of lipid,
hemorrhage and fibrolipid plaques. The IBS and mid-
band parameters appeared to be interchangeable for the
characterization of carotid plaque content, based on a
statistical analysis of the bias and limits of agreement.
However, the grey-scale technique did not appear to be
interchangeable with either the sliding window or
block-RF techniques. The present investigation identifies
several improvements in experimental techniques to ben-
efit future studies, and serves as a step toward the quan-
titative evaluation of carotid plaques under in vivo con-
ditions.
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