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Ultrasound backscatter from arterial tissues depends on
several factors, including the angle of incidence of the
ultrasound beam.1,2 Picano et al1 used an ultrasound fre-
quency of 10 MHz and demonstrated that the backscatter
of calcified and fibrous tissue in human aortas is strongly
angle dependent, whereas the ultrasound reflections from
lipid-laden plaques are influenced less by the beam
angle. They concluded that the angle dependence of arte-
rial backscatter may limit the usefulness of ultrasound for

quantitative measurements but that it may be useful for
diagnosis of tissue characterization.

Di Mario et al3 studied the effect of the angle of inci-
dence on image quality of arterial specimens by using
a 30-MHz transducer intravascular ultrasound (IVUS)
catheter. They found significant variability in quality of
the ultrasound images when the angle of incidence
was approximately 50 degrees. They did not address
the hypothesis of Picano et al that differences in ultra-
sound reflections caused by the angle of incidence
could be helpful in tissue characterization. The pur-
pose of this study was (1) to determine the angle
dependence of ultrasound backscatter when the IVUS
transducer is aligned coaxially in atherosclerotic arter-
ies and (2) to examine the capability of using IVUS
beam angle dependence to facilitate tissue characteri-
zation of atherosclerotic plaque.

Angle dependence of intravascular ultrasound
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of human atherosclerotic tissue
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Background Intravascular ultrasound (IVUS) images vary in intensity because of the angle of the transducer relative
to the plaque. The purpose of this study was to determine the angle dependence of ultrasound backscatter when the IVUS
transducer is aligned coaxially in atherosclerotic arteries and to examine its feasibility in tissue characterization of human
atherosclerotic tissue.

Methods and Results Thirty-nine noncalcified regions of interest (ROI, 0.4 to 0.6 mm in diameter) within
cross sections of formalin-fixed human iliac arterial plaque were imaged with a 3.9F, 25-MHz IVUS catheter in saline
at room temperature. The catheter was moved coaxially from 8 to 16 positions and spanned 50 to 122 degrees rela-
tive to the ROI and the lumen center. Echo intensity for each ROI was defined as the videointensity relative to a stan-
dard reflector. The angle dependence of echo intensity was defined as the slope of the regression line between the
angle of incidence and echo intensity. Each ROI was histologically classified into 4 groups: fibro-acellular (fibrous cap,
n = 7), fibro-cellular (n = 9), fibro-fatty (n = 13), or fatty tissue (n = 10). The echo intensity of the majority (72%) of
plaque components in IVUS images are significantly affected by the angle of incidence of the transducer. The angle
dependence of fibro-acellular samples was significantly greater than that of the other 3 groups (4.69 ± 3.29 × 10–3 ×
echo intensity/degree vs 1.06 ± 1.10 in fibro-cellular area, 2.09 ± 1.75 in fibro-fatty area, and 2.16 ± 1.92 in fatty
area, P < .05).

Conclusions The angle dependence of ultrasound reflections from the fibrous cap of atherosclerotic plaque is
another method of tissue characterization in addition to spatial distribution and echo intensity. This technique may be use-
ful in determining the thickness of the fibrous cap, which may be an important predictor of plaque rupture. (Am Heart J
1999;137:476-81.)
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Methods
IVUS imaging

Ten formalin-fixed human iliac arteries obtained from
necropsy were imaged with a 3.9F, 25-MHz IVUS catheter
(InterTherapy/CVIS, model 3003 Sunnyvale, Calif) in saline at
room temperature. Thirty-nine regions of interest (ROI) were
chosen within arterial plaque cross sections. Each ROI was
defined as a circular area with a diameter between 0.4 to 0.6
mm (approximately 0.2 mm2). The ROI was chosen near the
middle of the plaque arc, often where the plaque was thickest.
Two or three ROIs per plaque were chosen. An acoustic refer-
ence point was established by suturing a surgical needle into
the wall of the artery perpendicular to the long axis. This tech-
nique ensured that the same cross section was imaged for all
studies and that the ultrasound images corresponded exactly
to the cross section chosen for histologic analysis. The IVUS
catheter was inserted into the artery until the surgical needle
echo was visualized. The catheter was always kept parallel to
the long axis of the artery but was moved coaxially between 8
to 16 positions relative to the lumen center at the same cross
section confirmed by identification of the needle echo (Fig 1).
The coaxial angular span was determined by the capability of
the catheter to move inside the arterial lumen. The gain was
manipulated to maximize image morphology without exces-
sive dropout, saturation, or noise. After the first image was
optimized, the gain was then fixed for all images within that
artery, and these same settings were used for all the other
arterial segments studied. The ultrasound images were
recorded on super VHS tape. The gain and depth settings of
the IVUS machine were kept constant during this study.

Data analysis
The arterial images with the needle acoustic reference was

digitized with a frame-grabbing board (RasterOps 24STV with
software by MediaGrabber) into a Macintosh IIci computer.
An on-screen image analysis application (NIH Image public
domain software) was used to measure an intensity index for
each plaque. Because the absolute energy of the reflected
ultrasound intensity cannot be obtained with regular IVUS
machines, the intensity of each segment was measured with
a relative intensity (RI) index calculated as

RI = (Iroi – Ibkg)/(Iref – Ibkg)

where Iroi is the echo intensity of the subject region of
interest, Iref is the echo intensity of a standard reflector with
the same gain settings, and Ibkg is the intensity of back-
ground of the equivalent region of interest. The background
area was chosen from an IVUS image in the water bath
before inserting it into the artery. Each ultrasound image had
a gray scale of 256 levels on a 640 × 480 pixel display. Tissue
paper was placed in the water bath and imaged as the stan-
dard reflector. This index is reproducible and varies only
3.0% with changes in the overall gain setting.

The angle of incidence (θ) was measured between the

catheter, the ROI within the plaque, and the lumen geometric
center (Fig 1). After outlining the lumen boundary, the lumen
center was determined automatically by using the NIH Image
analysis application. When the transducer was on the lumen
geometric center, the angle of incidence was considered as
zero. The angle was defined as a positive value on one side
of the zero degree incidence line with a minus value on the
other side.

In this study, calcified plaques were not used because the
intensity of calcium usually saturates the gray scale value and
it is difficult to assess the ultrasound intensity because of
angle dependence. Calcified tissue is readily identified by
visual inspection with high sensitivity and specificity.4 The
current concern for tissue characterization of plaque is how
to discriminate between fibrous and fatty tissue.

Histologic study
After the arteries were imaged by IVUS, the needle was

removed and the needle site was marked with india ink. The
specimens were processed for histology and were stained
with Masson’s trichrome and hematoxylin-eosin.

Areas within each plaque cross section were classified into 1
of 4 histologic categories: (1) Fibro-acellular or fibrous hypo-
cellular—hypocellularity was defined as an area of fibromus-
cular cells that occupied <25% of the collagen matrix portion;
(2) fibro-cellular—an area of fibromuscular cells (involving
>25% of the area) intermixed with connective tissue matrix;
(3) fibro-fatty—fibrous tissue interspersed with lipid-containing
cells and vacuoles; (4) fatty—contiguous areas of lipid-contain-
ing foam cells, cholesterol crystals, or a lipid pool.

Figure 1

Determination of angle of incidence of ultrasound in our
model. θ Is angle between geometric center of lumen and
center of IVUS catheter relative to ROI of plaque.
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Statistics
Values are expressed as mean ± SD. Analysis of variance

with the Bonferroni post hoc test was used to compare the
mean values among groups. The least squares method was
used to analyze all linear relations. In these analyses, a value
of P < .05 was considered to be significant.

Results
The transducer was placed in variable positions

within the lumen such that the range of θ spanned
from 50 to 122 degrees. Representative examples of

the angle dependence of IVUS backscatter from an
arterial plaque are shown in Fig 2, A. The part of the
plaque that was most sensitive to changes in angle-
dependent backscatter corresponded to the fibrous
cap as determined from the histologic specimens
(Fig 2, B).

Fig 3 illustrates the various relations between the rel-
ative intensity index and the angle of incidence of the
ultrasound beam. Two patterns were observed: A
“directive” pattern (Fig 3, A and B) and a “nondirec-
tive” pattern (Fig 3, C and D). The directive pattern is

Figure 2

A, Representative examples of angle dependence of IVUS backscatter from same arte-
rial plaque. Each image was created by moving catheter within lumen to alter angle of
incidence (θ). *Echo from surgical needle used as acoustic reference to ensure that
same cross section was imaged. Small solid circle represents geometric center of
lumen. C depicts center of IVUS catheter. ROI is shown as larger open circle. B, Histo-
logic specimen of corresponding arterial cross section with Masson’s trichrome stain.
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characterized by an angle-dependent echo intensity
that is significantly determined (strongly as in Fig 3,
A, or weakly as in Fig 3, B) when the angle of inci-
dence is >10 degrees away from zero. The nondirec-
tive patterns are characterized by echo intensities that
are not significantly angle dependent. These intensi-
ties were either constant (Fig 3, C) or fluctuated (Fig
3, D) throughout the entire range of θ.

In 28 ROIs in which the echo intensity was angle
dependent, the relation between θ and the echo inten-
sity fit 2 linear segments (with the least squares method),
with a peak intensity near 0 degrees (Fig 4) as:

RI = a (θ – θmax) + C (when θ < θmax)
RI = –a (θ – θmax) + C (when θ ≥ θmax)

where RI is the relative intensity and θ is the angle
of incidence of the ultrasound beam. The coefficient
“a” (a > 0) is defined as the slope of the angle depen-
dence of the echo intensity, θmax is defined as the
angle that provides the peak echo intensity, and C is
the peak RI when θ = θmax. The peak relative intensity
for the 4 histologic subsets varied between 0.43 for
fibro-cellular tissue and 0.63 for fibro-acellular areas
(P < .003), but there was significant overlap with the
other tissue types, which indicates that echo intensity
above is not an adequate discriminator of tissue types.
In this setting, a nondirective but consistent echo-

intensity pattern as in Fig 3, C, had a significant corre-
lation coefficient but had a very small value of “a”
(close to 0). A fluctuating echo-intensity pattern as in
Fig 3, D, had a nonsignificant correlation coefficient,
and the value of “a” was arbitrarily considered as zero.
The angle generating the peak intensity usually did
not correspond to θ = 0 as defined in this study. The
mean absolute value of θmax was 8.0 ± 7.5 degrees.

Figure 3

Representative relations between relative intensity index and angle of incidence of ultrasound beam.

Figure 4

Method to measure angle dependence of echo intensity. –a,
Slope of angle dependence of RI.
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The mean values of the slopes of “a” from the ultra-
sound intensity angle dependence curves arranged by
histologic groups are shown in Table I. The mean
value of the slope from fibro-acellular samples was
significantly greater than that of the other 3 groups (P
< .05). There were no significant differences in any
other comparisons such as between fibro-cellular,
fibro-fatty, and fatty areas. In 72% of segments (86% of
fibro-acellular, 56% of fibro-cellular, 69% of fibro-fatty,
80% of fatty segments) there were significant correla-
tions (P < .05, r = 0.58 to 0.98) of echo intensity and
the angle of incidence. In these segments, the slope
varied between –0.05 and –0.51. In 28% of the seg-
ments (14% of fibro-acellular, 44% of fibro-cellular,
31% of fibro-fatty, 20% of fatty segments), a fluctuating
nondirective echo intensity pattern was seen.

The distance between the transducer and the tissue
did not reveal any significant effect on the echo inten-
sity in the ROI.

Discussion
Tissue characterization of atherosclerotic plaque is

usually determined by the spatial distribution and
intensity of the ultrasound backscatter. The major find-
ing of this study is that the IVUS intensity of fibro-acel-
lular tissue is more sensitive than other tissue compo-
nents to the angle of incidence of the ultrasound
beam. This finding might be useful as a method of tis-
sue characterization in distinguishing fibrous tissue
from other elements. Unfortunately, the angle depen-
dence of the ultrasound intensity did not adequately
discriminate fibro-cellular, fibro-fatty, and fatty areas
and so would not be useful to make these finer dis-
tinctions. However, this method with a commercially
available IVUS machine should be useful in determin-
ing the thickness of the fibro-acellular component of
atherosclerotic plaque. This may have clinical rele-
vance because the fibrous cap is composed of fibro-
acellular tissue and the thickness of this capsule may
predispose to plaque rupture.5-10

A structure that is bigger than the ultrasound wave-

length generates directional backscatter.11,12 The direc-
tion of the backscatter is determined by the ultrasound
beam angle of incidence as well as the shape of the
structure. If the shape is a flat surface, the backscatter
directed to the transducer reaches a maximum when
the ultrasound incidence is perpendicular to the sur-
face.11,12 The ultrasound backscatter of some tissue
components such as calcium, collagen, or elastic fibers
are highly dependent on the angle of incidence of the
ultrasound beam compared with other components,
for example, lipid-filled cells or the muscular media.1

Although Picano et al predicted the possibility of ultra-
sound imaging to discriminate fibrous, fibro-fatty, and
fatty areas, in our study only the fibro-acellular com-
ponent had a greater backscatter directivity than other
tissues. This may be caused by the tissue complexity
of the plaque. Even in fibrous areas, nondirective pat-
terns were obtained in some cases. These segments
were characterized histologically by disarray of the
collagen fiber matrix. On the other hand, some fatty
areas had a directive pattern, probably because of the
orientation of loose collagen fibers or the existence of
microcalcifications4 within the fatty area. Another rea-
son for differences between these findings and those
of Picano et al is that we examined the angle depen-
dence of the echo intensity in small segments within
plaques, whereas they examined entire plaques
excised from aortas.

The mean value of θmax was 8.0 ± 7.5 degrees,
which indicates that the maximum reflection of the
ultrasound beam from the plaque was slightly dis-
placed from a perpendicular angle of incidence.
Although one would expect θmax to be 0 degrees
when an ultrasound beam reflects off a flat surface,
the finding of θmax = 8.0 degrees is consistent with the
mildly irregular geometry of the plaque and the circu-
lar orientation of the collagen fibers within the plaque.

The echo-intensity data relative to the angle of inci-
dence fit a curve with 2 linear segments. De Kroon et
al2 used a gaussian curve to fit their data derived from
a 27-MHz acoustic microscope. Our method of fitting

Histology Fibro-acellular Fibro-cellular Fibro-fatty Fatty

n 7 9 13 10
Slope, “a” (10–3 × RI/degree) 4.69 ± 3.29* 1.06 ± 1.10 2.09 ± 1.75 2.16 ± 1.92

*P < .005 vs fibro-cellular, *P < .05 vs fibro-fatty and fatty tissue.

Table I. Slope of angle dependence of echo intensity for all histologic groups
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the data to 2 linear segments provides reasonable cor-
relation coefficients and is much easier to use than the
previously described method.

There are several limitations of this in vitro study.
These experiments were performed after formalin fixa-
tion, and we do not know whether these results are
transferable to nonfixed living tissue. The number of
observations in this study is relatively small, and these
measurements need to be corroborated by other
experiments. The techniques described in this in vitro
study are potentially applicable to tissue characteriza-
tion in patients; however, these studies need to be
repeated in the clinical setting.

In conclusion, the angle dependence of intravascular
ultrasound imaging in human atherosclerotic tissue is
useful in tissue characterization, particularly for identi-
fying the fibrous cap. This technique may be useful in
determining the thickness of the fibrous cap, which
may be an important predictor of plaque rupture and
acute ischemia syndromes.5-10
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