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Abstract The instability of atherosclerotic coronary plaques
is related to their histological composition and the thickness of
their fibrous caps. Therefore, recognition of the tissue charac-
teristics of coronary plaques is important to understand and
prevent coronary artery disease. Recently, an ultrasound inte-
grated backscatter (IB) technique has been developed.
Ultrasound signals have unique characteristics of reflection.
That is, the ultrasound IB power ratio is a function of the
difference in acoustic characteristic impedance between the
medium and target tissue, and the acoustic characteristic im-
pedance is determined by the density of tissue multiplied by
the speed of sound. This principle allows for tissue character-
ization of coronary plaques for the risk stratification in patients
with coronary artery disease. Two- and three-dimensional IB
color-coded maps for the evaluation of tissue components can
be constructed to detect four major components: fibrous,
dense fibrosis, lipid pool, and calcification.Many studies have
shown the reliability and usefulness of the IB technique.
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Introduction

Tissue characteristics of coronary plaques have been reported
to be associated with cardiovascular events [1, 2]. In 1966,

Friedman et al. demonstrated that the communication between
lumen and atheromatous abscess preceded and was responsi-
ble for the formation of the thrombus [3]. In 1978, Horie et al.
examined serial sections of coronary arteries postmortem and
demonstrated that plaque rupture into the vessel lumen some-
times preceded and caused thrombus formation, which result-
ed in acute myocardial infarction [4]. In 1992, Mizuno et al.
demonstrated that disruption or erosion of vulnerable plaques
followed by thrombosis was the most frequent cause of acute
coronary syndrome (ACS) using a coronary angioscopy
in vivo [5]. Therefore, tissue characterization of coronary
plaques is important to evaluate the risk of cardiovascular
disease.

Recently, an ultrasound integrated backscatter (IB)
technique has been developed to analyze the tissue char-
acteristics of coronary plaques. Recent in vivo studies
demonstrated that ultrasound IB values reflected the tis-
sue components of coronary atherosclerotic lesions. This
article will summarize the ultrasound IB technique and
its clinical usefulness for the stratification of risk for
coronary artery diseases.

Concepts of the Ultrasound IB Technique and Methods
for the Characterization of Coronary Tissue Components

The ultrasound IB power ratio is a function of the difference in
acoustic characteristic impedance between the medium and
target tissue, and the acoustic characteristic impedance is de-
termined by the density of tissue multiplied by the speed of
sound. The ultrasound IB power ratio is calculated using the
following formula:

UltrasoundIBpower ratio ¼ 10log
Z2 ‐ Z1ð Þ2
Z2 þ Z1ð Þ2
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where Z1 and Z2 are the acoustic characteristic impedance of
the medium and target tissue, respectively.

Therefore, as the difference in acoustic characteristic im-
pedance between the medium and target is greater, the ultra-
sound IB power ratio becomes greater. With the IB ultrasound
technique, ultrasound energy returns to the transducer after
reflection from a small volume of tissue, and the IB values
are calculated using a fast Fourier transform. The IB values are
expressed as the average power, measured in decibels (dB).

With the use of commercially available transthoracic echo-
cardiography, IB values can be automatically calculated from
a region-of-interest (11×11 pixels, 0.6 mm×0.6mm) set on an
IB image (Sonos 5500 or 7500, Philips Medical Systems,
Andover, MA, USA) [6]. In contrast, for the analysis of tissue
characteristics using intravascular ultrasound (IVUS), a per-
sonal computer equipped with developed custom software
was connected to an IVUS imaging system (VISIWAVE,
Terumo, Tokyo, Japan) to obtain the ultrasound signal using
a 38- and 43-MHz mechanically rotating IVUS catheter
(ViewIT, Terumo, Tokyo, Japan) (Fig. 1) [7]. An analog-to-
digital converter was used, which allowed acquisition of sig-
nals that were digitized at 400 MHz with 8-bit resolution. In
the IVUS analysis, 512 vector lines of ultrasound signal
around the circumference were analyzed to calculate the IB
values. The IB values for each tissue component were calcu-
lated using a fast Fourier transform and expressed as the av-
erage power, measured in decibels, of the frequency compo-
nent of the backscattered signal from a small volume of tissue.
The tissue IB values were calibrated by subtracting the IB
values from the IB value of a stainless steel needle placed at
a distance of 1.5 mm from the catheter. IB-IVUS color-coded
maps were constructed based on the IB values. Conventional
IVUS images and IB-IVUS color-coded maps were immedi-
ately displayed side by side on a monitor (Fig. 2).

Diagnostic Accuracies of the Ultrasound IB Technique

With the IB-IVUS system, color-coded maps consist of four
major components (fibrous [green], dense fibrosis [yellow],
lipid pool [blue and purple], calcification [red]) (Fig. 3). The
overall agreement between the classifications made by IB-
IVUS and histology (lipid rich, fibrous, and fibrocalcific)
was excellent (κ=0.83, 95 % CI 0.73–0.92) [8].

Comparison of the Thickness of Fibrous Cap Measured
by IB-IVUS and Optical Coherence Tomography In Vivo

Recently, intravascular optical coherence tomography (OCT)
was shown to provide high-resolution, cross-sectional images
of plaques in situ with an axial resolution of 10 μm and a
lateral resolution of 20 μm [9, 10]. According to a previous
pathological and clinical review [11], thin fibrous cap with a
large lipid core (thin-cap fibroatheroma) is one of the major
criteria for vulnerable plaque that is prone to cause ACS.
Therefore, measurement of the thickness of coronary plaques
is important to evaluate the risk of cardiovascular disease.

To evaluate the accuracy of IB-IVUS for measurement of
fibrous cap thickness, the same segments were compared by
IB-IVUS and OCT (Fig. 4). The thickness of the fibrous cap
measured by IB-IVUS was significantly correlated with that
measured by OCT in the same coronary segments (Fig. 4) [7].
The mean difference between the thickness of fibrous cap
measured by IB-IVUS and OCT was −2±147 μm (Fig. 5).
OCT has a better potential for characterizing tissue compo-
nents located in the near side from the vessel lumen, whereas
IB-IVUS has a better potential for characterizing the tissue
components of entire plaques.

Comparison with Virtual Histology Intravascular Ultrasound

Virtual Histology (VH) IVUS (Volcano Corporation, CA,
USA) is one of the commercially available ultrasound tech-
niques acquired with a 20-MHz phased-array catheter for tis-
sue characterization of coronary plaques using an
autoregressive classification scheme rather than depending
on the classic Fourier method [12]. Hiro reported that VH-
IVUS images are frequently patchy images of dense calcium
and necrotic core [13••]. This is because VH-IVUS uses a
classification tree with the eight values in order to discriminate
necrotic core, fibro-fatty, fibrous, and dense calcium, and the
classification tree branches for dense calcium and necrotic
core are very close to each other.

For the qualitative comparison, the overall agreement be-
tween the histological and IB-IVUS diagnoses was higher
(Cohen’s κ=0.81, 95 % CI 0.74–0.90) than that between the
histological and VH-IVUS diagnoses (Cohen’s κ=0.30, 95 %
CI 0.14–0.41) (Fig. 6) [8]. For the quantitative comparison,
the % fibrosis area determined by IB-IVUS was significantly

Fig. 1 Intravascular ultrasound system and intravascular ultrasound
catheter
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correlated with the relative area of fibrosis based on histology
(r=0.67, p<0.001), whereas the % fibrous area and % fibrous
area + % fibro-fatty area determined by VH-IVUS were not
correlated with the relative area of fibrosis based on histology
(Fig. 7) [8].

Application of Ultrasound IB Technique
for the Evaluation of Plaques

Prediction of Adverse Events after Intervention Therapy
Using IB Techniques

A prospective study was performed that determined the opti-
mum cutoff value of relative lipid area in coronary segments
without significant stenosis in patients who underwent percu-
taneous coronary intervention to predict future ACS [14].

Based on receiver-operating characteristic curve analysis, a
relative lipid area of >65 % measured by IB-IVUS was found
to be the optimal cutoff value for predicting ACS with a pos-
itive predictive value of 42 % and negative predictive value of
98 %. Lipid-rich plaques measured by IB-IVUS proved to be
an independent morphologic predictor of non-target ischemic
events after percutaneous coronary intervention, particularly
in those patients with elevated serum C-reactive protein levels
[15].

Glagov et al. demonstrated that positive remodeling in cor-
onary plaques is a Bcompensatory process^ to maintain the
functional size of lumen as a safeguard against narrowing
due to atherosclerotic progression with plaque accumulation
[16]. Takeuchi et al. reported that relative lipid volume mea-
sured by IB-IVUSwas greater in plaques with positive remod-
eling than plaques without positive remodeling, and they con-
cluded that there were more lipid-rich components in lesions
with positive remodeling than without positive remodeling,
which may account for the higher incidence of ACS in those
lesions with positive remodeling [17].

Uetani et al. reported that relative lipid volume (lipid
volume/total plaque volume) measured by IB-IVUS correlat-
ed with post-procedural troponin-T and CK-MB levels that
showed post-procedural myocardial injury after coronary stent
implantation [18]. They concluded that a larger plaque volume
and lipid-rich plaque were indicative of embolic events after
stent implantation [18].

Effects of Statins on Atherosclerotic Plaques

HMG-Co-A reductase inhibitor drugs (statins) reduce the
mortality of myocardial infarction and prevent the progression
of atherosclerosis [19, 20]. Using three-dimensional IB-IVUS
(Fig. 8), the effect of atorvastatin on coronary plaques was
elucidated [21]. The relative lipid volume in coronary plaques
measured by IB-IVUS significantly decreased in the statin

Fig. 3 Corrected IB values of various tissue types in coronary plaques.
The corrected IB values from calcification (CL), mixed lesion (ML),
fibrosis (FI), lipid pool (LP), intimal hyperplasia (IH), and intra-plaque
hemorrhage (IPH) or media are significantly different from each other.
However, there are no significant differences among lipid pool, intimal
hyperplasia, and media. Mixed lesion is the region in which calcification
and fibrosis were mixed. *p<0.05

Fig. 2 A two-dimensional color-coded map of the coronary arterial
plaque. Conventional IVUS images and IB-IVUS color-coded maps
were displayed side by side on a monitor. Calculation of the relative
area of each tissue characteristic was automatically performed by

computer software. Left: conventional IVUS image. Right: two-
dimensional color-coded map (red: calcification, yellow: dense fibrosis,
green: fibrosis, blue and purple: lipid pool)
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therapy group after 6 months, whereas lipid volume did not
change significantly in the diet group. Otagiri et al. investigat-
ed the effectiveness of rosuvastatin in patients with ACS using
IB-IVUS. They demonstrated that the magnitude of the reduc-
tion in relative lipid volume after 6 months of rosuvastatin was
significantly correlated with the baseline value (r=−0.498, p=
0.024) [22]. This regression was mainly due to a decrease in
the lipid component measured by IB-IVUS. Early inter-
vention with rosuvastatin in ACS patients resulted in a
significant reduction of the non-culprit plaque after
6 months.

Comparison with Other Techniques

There are several ultrasound techniques for tissue char-
acterization of coronary plaques [23]. iMap (Boston
Scientific, MA, USA) is also one of the commercially
available intravascular ultrasound systems for tissue
characterization of coronary plaques. The iMap algo-
rithm is based on a neural network theory especially
for pattern recognition called the k-nearest neighbor
method [24]. It measures a total of 40 values
representing how the signal spectrum from the RF seg-
ment of interest is similar to each spectrum shape that is

specific for necrotic, lipid, fibrotic, or calcified areas
from the spectrum shape database library, which was
previously obtained from cadaver hear ts [24] .
However, the number of reference points for lipid area
is relatively small, and that area is frequently identified
as smaller within a plaque than other types of tissue
[25••]. Yamada et al. reported that necrotic tissue area
by iMap correlated well with lipid pool area by IB-
IVUS, whereas lipidic area by iMap did not correlate
with lipid pool area by IB-IVUS, and tissue types clas-
sified by iMap generally correlated well with corre-
sponding tissue type by IB-IVUS. However, there was
some discrepancy between the two systems [25••].

Wavelet analysis is a mathematical model for the de-
tection of lipid pools in coronary plaques reported by
Murashige et al. [26]. The theoretical basis of wavelet
analysis was first developed by Grossmann and Morlet
[27]. Wavelet analysis is a time-frequency domain anal-
ysis of ultrasound signals. A wavelet is a short segmen-
tal waveform of limited duration that has an average
value of zero. Wavelet patterns that meet various math-
ematical criteria have been proposed for comparison and
results in many wavelet coefficients, C, which are a
function of scale and position. The most appropriate C
of wavelet coefficients for the detection of lipid pool

Fig. 4 a Representative integrated backscatter intravascular ultrasound (IB-IVUS) images processed by a smoothing method. b Original IB-IVUS
images. c Corresponding optical coherence tomography images. Bar=1 mm

Fig. 5 Left: Correlation between
the thickness of fibrous cap
measured by integrated
backscatter intravascular
ultrasound and optical coherence
tomography. Right: Bland-
Altman plot
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was 0.6 with a sensitivity of 83 % and a specificity of
82 % [26]. The wavelet analysis is a unique and differ-
ent method from IB-IVUS.

Recently, high-frequency ultrasound IVUS using
80 MHz without any particular mathematical processing
has been proposed [28]. Compared to a 35-MHz ultra-
sonic image, the 80-MHz image showed superior reso-
lution and contrast with imaging of a rabbit aorta
in vivo. High-frequency IVUS is one of the promising
methods for the tissue characterization of coronary
plaques.

More recently, an integrated IVUS-OCT imaging ap-
paratus, which includes the IVUS and OCT catheter,
motor drive unit, and imaging system, has been

developed [29]. An integrated IVUS-OCT imaging pro-
vides high-resolution and high-penetration depth for a
better assessment of vulnerable plaques in in vivo ani-
mal studies [29]. After solving some potential technical
issues, this integrated modality is promising for using in
clinical studies.

Using IB-IVUS as a gold standard, a cutoff value of
Hounsfield units (HU) for the differentiation between
lipid pool and fibrosis was determined by comparing
the same cross sections of coronary plaques depicted
by IB-IVUS and multidetector row computed tomogra-
phy (MDCT) [30••]. Using receiver-operating character-
istic curve analysis, a threshold of 50 HU was the op-
timal cutoff value to discriminate lipid pool from fibro-
sis. As shown in Fig. 9, the distribution of tissue com-
ponents based on 3D color-coded maps constructed
from MDCT images was similar to the distribution
based on 3D maps constructed from IB-IVUS images.

Technical Considerations of Ultrasound IB Techniques

Fixation and processing of vessels for histopathological
examination has been reported to result in a decrease in
total vessel cross-sectional area and luminal cross-
sectional area, but absolute wall area (total vessel
cross-sectional area minus luminal cross-sectional area)
did not change in vessels with minimal atherosclerotic
narrowing [31, 32]. Several studies have documented
that formalin fixation does not significantly affect the
morphology and quantitative echo characters of plaque
tissue in the human aorta [6, 33].

IB-IVUS occasionally underestimates calcified lesions
and overestimates lipid pool behind calcification due to
the acoustic shadow derived from calcification. Acoustic
shadow caused by calcification hinders precise

Fig. 6 aRepresentative IB-IVUS and VH-IVUS images at the same segment. aHistological image. bCorresponding IB-IVUS image. cCorresponding
VH-IVUS image

Fig. 7 Relationship between relative fibrous area measured by IB-IVUS
and histology. Histological images that were stained with Masson’s
trichrome were digitized, and the areas that were stained blue were
automatically selected by a multipurpose image processor (LUZEX F,
Nireco Co., Tokyo, Japan). Then the relative fibrous area (fibrous area /
plaque area) was automatically calculated by the LUZEX F system
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determination of the tissue characteristics of coronary
plaques. However, there have been many cases in which
lesions that were classified as lipid pool by IB-IVUS
due to the acoustic shadow behind calcification actually
included lipid core in the same lesion analyzed by his-
tology (n=16/21, 76 %) [34]. This finding was concor-
dant with previous results demonstrating that necrotic
core and fibro-fatty components were located behind
calcification (83–89 %) [35]. Since calcification usually
originates in lesions with lipid accumulation, the diag-
nosis of lipid pool by IB-IVUS in lesions behind calci-
fication is usually accurate.

Limitations of the IB Technique

There were a few limitations of the ultrasound method.
First, the angle dependence of the ultrasound signal
makes tissue characterization unstable, when lesions
are not perpendicular to the axis. Picano et al. reported
that angular scattering behavior is large in calcified and
fibrous tissues, whereas it is slight to non-existent in
normal and fatty plaques [36]. According to that report,
although there was no crossover of IB values between
fibrous and fibro-fatty tissue within an angle span of
10°, or between fibrous and fatty tissue within an angle
span of 14°, this angle dependence of the ultrasound
signal might be partially responsible for the variation

of IB values obtained from each tissue component.
There was also a report that demonstrated the degree
of angle dependence of 30-MHz ultrasound in detail
[37]. In that report, the angle dependence of 30-MHz
ultrasound in the arterial intima and media was
1.11 dB/10°. When a 40-MHz catheter was used, the
angle dependence increased in arterial tissue. This angle
dependence of the ultrasound signal may decrease the
diagnostic accuracy for differentiating tissue compo-
nents. Second, calcification is a perfect reflector for ul-
trasound, causing acoustic shadowing so typical in
IVUS images. The ultrasound signals cannot penetrate
or pass through the calcified layer and are reflected
back towards the transducer [38]. Therefore, accurate
tissue characterization of the areas behind calcification
using IB-IVUS was not possible, as with conventional
IVUS. Likewise, IB-IVUS cannot diagnose the tissue
behind stents, because stents are nearly perfect reflectors
causing acoustic shadowing of the ultrasound signal.
This may also decrease the diagnostic accuracy for dif-
ferentiating the tissue components. Third, a guidewire
was not used in the process of imaging because the
present studies were performed ex vivo. Imaging arti-
facts in vivo due to a guidewire may decrease diagnos-
tic accuracy. Finally, detecting thrombus from a single
IVUS cross section was not possible because we usually
looked at multiple IVUS images over time for speck-
ling, scintillation, motion, and blood flow in the

Fig. 8 Three-dimensional color-coded maps of the coronary arterial plaques constructed by IB-IVUS

Fig. 9 Representative case of three-dimensional (3D) color-coded maps.
3D constructions were automatically performed by computer software. a
3D color-coded map of coronary plaque constructed by IB-IVUS. b

Color-coded curved multiplanar reconstruction image of coronary
plaque. c 3D color-coded map constructed by multidetector computed
tomography for the same lesion as in a. CL calcification
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Bmicrochannel^ [38]. The analysis of IB values in mul-
tiple cross sections over time is required for the detec-
tion of thrombus.

Conclusions

Ultrasound IB techniques that depend upon differences of
acoustic characteristic impedance among various tissue com-
ponents have been established for the tissue characterization
of human coronary arteries. IB-IVUS can detect lipid pools
and fibrous tissue in atherosclerotic lesions and can evaluate
the effects of lipid-lowering therapy. Lipid-rich plaques are
associated with the incidence of atherosclerotic diseases;
therefore, ultrasound IB techniques can be useful to predict
coronary artery diseases.
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