
Introduction

For over a decade, coronary angiography has represented the “gold standard”
in the appraisal of the coronary anatomy and the diagnosis of coronary artery
disease. However, the introduction of percutaneous coronary revasculariza-
tion, along with increasing evidence of the prognostic importance of athero-
sclerotic plaque composition, fostered the concept that simple coronary an-
giography is limited in estimating the distribution and extent of coronary
pathology. Indeed, angiography simply shows the vessel lumen, a perspective
that is insufficient in representing the complex nature of coronary disease. 

Since its introduction at the end of the 1980s, intravascular ultrasound
(IVUS), as the most modern application of diagnostic ultrasound, has been
capable of supplying important information about the composition of athero-
sclerotic plaques. IVUS is an invasive technique that yields tomographic im-
ages of the vascular structures and direct visualization of both the luminal
area and vessel wall composition. Since angiography only provides planar,
map-like information about the coronary anatomy, it is also limited in estimat-
ing the mechanisms and progression of atherosclerotic disease. By contrast,
IVUS visualizes the artery in cross-sections through tomographic appraisal of
the plaque, its extent, and its composition below the endothelial surface.
Moreover, IVUS can also supply qualitative information regarding the risk of
plaque progression/destabilization and quantitative data about the dimensions
of the lumen and vessel.

The IVUS console is made up of three components: a catheter with a trans-
ducer, a pullback system, and a computer containing the software and the
hardware able to convert the ultrasound signal into gray-scale imaging. The
IVUS catheters currently available for clinical use have external diameters
between 2,6 and 3.5 French (0.87- to 1.17-mm coronary and peripheral, re-
spectively). The probe is available either as a mechanical or an electronic de-
vice, with the spatial resolution of the latter lower than that of the former. In
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order to acquire the IVUS image, the target vessel should be selectively can-
nulated with a guiding catheter. After a 0.014-inch angioplasty wire has been
positioned, the IVUS probe is advanced distally to the level of the target area
and withdrawn proximally by an automated pullback device (with a speed of
0.5 or 1.0 mm/s) into the ostium of the guiding catheter. 

Ultrasound gray-scale images of a normal coronary segment show a circu-
lar lumen surrounded by three layers. The inner layer is relatively echolucent
and represents the intima and inner elastic lamina in normal arteries, or the
atherosclerotic plaque in atherosclerotic arteries. The middle layer is usually
transparent and dark, and represents the media. The external layer is more
echolucent and represents the external elastic lamina, the adventitia, and the
periadventitial tissue. The different echolucencies of these layers are due to
their different histological composition; for example, the collagen-rich adven-
titia is very echolucent whereas the media, rich in smooth muscle cells, is re -
latively less echolucent. 

Validation studies demonstrated that the atherosclerotic plaque can be differ-
entiated according to its prevalent characteristic, i.e., lipidic, fibrotic, or calcific,
which can also be distinguished echogeneically Thus, on the basis of the
echogenicity of the plaque, three different types of coronary lesions can be dis-
tinguished: (1) hyperechoic regions with acoustic shadow corresponding to cal-
cific deposits; (2) hyperechoic regions without acoustic shading corresponding
to fibrotic components of the plaque; and (3) hypoechoic regions corresponding
to lipid lakes or thrombotic material. However, the sensitivity and specificity for
calcific and fibrotic tissues are much higher than for lipidic tissue. Thus, calci-
um is very well visualized as a highly echolucent, distinct area such that the di-
agnostic accuracy is much higher than obtained with conventional angiography.
Initially, the classic IVUS pattern of a low echolucent area with a sharp border
was misinterpreted and sometimes confused with the echotransparency (gradual
acoustic shadow) typical of dense fibrous tissue; however, the use of 40-MHz
probes has improved the identification of lipid “pools,” as documented by in-
vitro and in-vivo studies (with a spatial resolution of 150–300 μm).

Gray-scale images provide a relatively precise image of vessel anatomy
and, above all, of plaque morphology. Indeed it is possible to obtain detailed
information about intimal surface ulcerations, vessel remodeling (compen-
satory expansion of the media during plaque development), plaque distribu-
tion and, especially, the type of plaque composition.  All of this information is
extremely important in the planning of interventional procedures, such as the
choice of stent design, in optimizing acute results (by stent apposition to the
arterial wall and uniform circumferential expansion of the stent), and in iden-
tifying complications (such as plaque dissection or re-stenosis).

From Gray-Scale to Color-Coded IVUS: 
The Virtual-Histology Revolution

Today, clinical and laboratory data have challenged our classical notions of
the pathogenesis of acute coronary syndromes. Several independent lines of
clinical evidence have shown that critical stenosis causes only a fraction of
this group of pathologies. Rather, the rupture of a thin fibrous cap covering a
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large, lipid-rich, necrotic or superficial intimal erosion frequently triggers
acute coronary thromboses at sites of non-critical narrowing of the coronary
arteries. This shift in our thinking has fostered the notion of the “vulnerable”
or “high-risk” plaque and spawned manifold attempts to develop methods for
its detection, a quest predicated on the postulate that local intervention could
preclude plaque thrombosis and thus acute coronary syndromes. This ap-
proach may prove applicable to patients already targeted for invasive diagno-
sis or treatment in whom the identification of non-stenotic lesions unseen by
traditional angiography might guide a local intervention aimed at the preven-
tion of a coronary event. Patients presenting with acute coronary syndromes
are at a high short-term risk of recurrence, which justifies an aggressive ap-
proach such as this one.

The typical vulnerable plaque has been clearly defined in autopsies of pa-
tients who died of acute myocardial infarction. It is mostly constituted by a
necrotic core, rich in cholesterol crystals and lipids, with an overlying thin fi-
brous cap that separates this highly thrombogenic material from the blood
stream. Such lesions are referred to as thin-cap fibroatheromas (TCFAs).

Several imaging modalities, including gray-scale IVUS, are under investi-
gation by extensive clinical testing in order to identify the most reliable in dis-
covering the “vulnerable plaque.” However, some studies have reported that,
according to gray-scale IVUS analysis stable and unstable plaques share sever-
al characteristics, which reduces the ability, of IVUS to clearly differentiate
among them. Moreover, IVUS resolution is about 200-300 μm – a threshold
far above the thickness of the typical thin fibrous cap of a vulnerable plaque
(40–80 μm). Another limitation is that the gray-scale code is not useful for
clearly differentiating between the different histological components of the vul-
nerable plaque (i.e., necrotic core vs. fibrous material and calcium microcrys-
tals), thus reducing the diagnostic accuracy of the methodology in detecting
vulnerable TCFAs.

The development of IVUS-virtual histology (IVUS-VH) is a promising
step as the technique can be used in the catheterization lab to identify vulnera-
ble plaques. IVUS-VH discriminates among different tissues with high sensi-
bility and specificity, thus improving the diagnostic accuracy for any single
plaque and, prospectively, distinguishing between vulnerable (rupture prone)
and non-vulnerable (non-rupture prone) atherosclerotic lesions.

IVUS-VH images color-code four different tissue types (Figs. 7.1, 7.2):
• Lipid: displayed in yellow
• Fibrolipids: displayed in green
• Necrotic core: displayed in red
• Calcium: displayed in white

IVUS-VH image acquisition and processing are very different than in stan-
dard gray-scale IVUS. VH uses the frequency and amplitude from tissue-re-
flected ultrasound. Moreover, the analysis, which is performed on backscatter
signals and based on all data acquired by the ultrasound beam, uses complex
mathematical equations (blind deconvolution, autoregressive modeling, three-
component classification algorithm) to extract the required information.

“In vitro” the diagnostic accuracy in identifying the four different tissue
types ranges from 93 to 99%. The “in vivo” diagnostic accuracy is also ex-
tremely high (Table 7.1, Fig. 7.3). Of note is the observation that a typical vir-
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Table 7.1. Sensitivity and specificity of virtual histology (VH) for the different tissue types

Accuracy Sensitivity Specificity

Type % CI % CI
Fibrous 93.5% 95.7% 94–98 90.9% 88–94
Fibrolipids 94.1% 72.3% 65–80 97.9% 97–99
Core necrotic 95.8% 91.7% 87–96 96.6% 95–98
Calcific 96.7% 86.5% 81–92 98.9% 98–100

CI confidence interval

Fig. 7.1. Comparison between gray-scale and virtual-histology. A moderately calcific deposit can be clear-
ly seen in the intravascular ultrasound (IVUS) gray-scale image on the left at 6 and 7 o’clock. In addition,
IVUS-virtual histology (IVUS-VH) identifies lipid lakes associated with the calcium deposit. This is some-
times a characteristic of the necrotic core

Fig. 7.2. The four color-coded plaque components classified by virtual histology and their corresponding
histopathologies. Adapted from Sangiorgi G. et al (2007)



tual histology slice is 3- to 4-μm thick in contrast to the 300-μm thickness of
an IVUS slice. This means that slices obtained during IVUS analysis do not
perfectly correlate with histological slices; instead, IVUS-VH images repre-
sent the mean of values acquired from more than one histological segment
(Fig. 7.4a).

Lesion Classification Using IVUS-VH 

Coronary lesions can be classified as stable (pathological intimal thickening,
fibro-atheroma; calcific fibro-atheroma) and unstable (TCFA, superficial ero-
sions, superficial microcalcifications). The most representative of this latter
group, particularly in coronary vessels, is the TCFA. As previously described,
the thickness of the cap is far below the threshold of the ultrasound beam. For
this reason, conventionally, IVUS diagnosis TCFA when the necrotic core
component is in direct contact with the lumen, representing a fibrous cap thin-
ner that 200 μm. Different lesion types are defined by IVUS-VH (Fig. 7.4b),
each with its own corresponding sensitivity and specificity. Of note is the
high specificity of this technique for TCFA (Table 7.2).
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Fig. 7.3. Comparison between histology and IVUS-VH. Hand-drawn reconstructions by four different pathologists (A-D) using the 
same colors as in VH. Note the excellent correlation with the three classifications by VH. The reconstruction of an IVUS-VH image, in which
the 300-μm field of interest is essentially the sum of many histological 4-μm slices and therefore is not perfectly super-imposable. 
FA Fibroatheroma
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Fig. 7.4 a, b. Comparison between histologic cross-sections and those obtained with virtual histology (VH) (a). Since the former are
usually 4-μm and the latter 300-μm thick, the two image sets may not perfectly matched. Instead, a single VH image corresponds (when
utilized for comparison with histology) to the sum of several histologic cross-sections. b Classification of the different atherosclerotic
plaque types by intravascular ultrasound (IVUS)-VH. FA Fibroatheroma. Figure 7.4b reproduced from Sangiorgi G. et al (2007)

Table 7.2. Specificities, sensitivity, and diagnostic accuracy of virtual histology for different types of ath-
erosclerotic lesions

Type of plaque Accuracy Sensitivity Specificity Total (n)

FACa 72.4% 32.5% 93.0% 40
TCFACa 96.1% 90.0% 97.1% 20
FA 85.9% 54.1% 96.9% 37
FCa 85.5% 87.1% 84.5% 31
PIT 83.4% 88.5% 82.0% 26
TCFA 99.4% 75.0% 100% 4

FACa fibroatheroma calcified, TCFACa thin cap calcific fibroatheroma, FA fibroatheroma, FCa fibrocalcific, PIT pathological
intimal thickening, TCFA thin-cap fibroatheroma

a

b



IVUS-VH Console and Image Interpretation: Tips and Tricks

Figure 7.5 shows a typical screenshot from an IVUS-VH S5 consol. The cur-
rent software version features automatic, real-time, border detection that is
extremely reliable. VH analysis is available only with 20-Mhz probes, which
means less spatial resolution than obtained with the recently introduced 40-
Mhz mechanical probes. The advantage of the electronic 20-Mhz probe is its
lower crossing profile, which allows for easy crossing even of more calcific
and compact lesions. Furthermore, the probe is very flexible and can be more
easily pushed than mechanical ones.  Unfortunately, in the absence of an ex-
ternal layer, during pullback the probe could become entrapped, in the plaque,
slowing the speed of the maneuver. This is manifested as a less than perfect
reading of the longitudinal axis. Also, unlike what occurs in gray-scale imag-
ing, the need for ECG synchronization prohibits a constant frame-rate to
speed ratio. This means that the slice number per length segment varies in
every single acquisition, depending on the patient’s heart rate – a major draw-
back in longitudinal studies evaluating, for example, plaque regression. 

Chapter 7 Intravascular Ultrasound: From Gray-Scale to Virtual Histology 73

Fig. 7.5. The image displays the VH monitor view after a run acquisition. Left One section of the vessel, with the area of the plaque ana-
lyzed. In addition, the three panels display, from left to right, lumen area and diameters, plaque burden, and area and diameters of the ex-
ternal elastic lamina. Above, the different plaque components are presented both as volume occupied by the different components and as
percentage of the entire region of interest. Right A longitudinal section of the vessel. This plaque is classified as calcific fibroatheroma.
Reproduced from Sangiorgi G. et al (2007)



Conclusion

Despite the opportunity to identify and treat any critical stenosis directly in the
catheterization laboratory, most of the acute events in patients with coronary ar-
tery disease cannot be prevented. Conversely, the identification of a vulnerable
plaque (often not stenotic, Fig. 7.6), and even of a vulnerable patient (bearing
multiple vulnerable asymptomatic plaques in his or her coronary tree) may help
target interventions to those plaques most likely to become disrupted and to the
prevention of related complications. Refined coronary imaging techniques will
eventually corroborate autopsy studies demonstrating the heterogeneity of coro-
nary atherosclerotic lesions, as stratified by individual patient-risk-factor pro-
file. The gap is still large and only prospective observations have reliably identi-
fied plaques that are prone to rupture, forcing a change in our approach to the
treatment of coronary atherosclerotic disease. However, several prospective
studies (SPECIAL, IBIS-2, PROSPECT) are currently ongoing. By means of
imaging modalities such as IVUS-VH, this exciting journey has just begun.
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Fig. 7.6. Comparison between angiography, gray-scale  IVUS, and IVUS- VH. Note that the left anterior descending artery appears normal
along its entire length, according to angiography. The numbers indicate the different coronary segments corresponding to the images ac-
quired by IVUS. A small fibrotic plaque is present in segments 4, 5, and 6. Conversely, a fibrocalcific plaque (segments 2 and 3) and a vulner-
able plaque (segment 1) are identified by the lipidic content, close to the lumen (in the VH image shown as a red region), with the IVUS-VH
technique


