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Summary Previous studies correlat-
ing histomorphology with 20-30 MHz-
derived intravascular ultrasound
(IVUS) images showed that IVUS
provides to some extent qualitative
information on plaque composition.
IVUS imaging proved to define
calcifications with high sensitivity and
specificity but was found to be less
accurate in the assessment of soft
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Intravascular ultrasound insights into

plaque composition

components. Nevertheless previous
studies on atherosclerotic plaque
characterization were limited by use of
low-frequency transducers that did not
define accurately soft components. Our
goal wasto test the effectiveness of
high frequency 1IVUS transducersin the
identification of lipid/necrotic poolsin
atheroscleratic plagues.

Methods: Forty MHz transducers
were used for in vitro 1VUS assessment
of 12 arterial segments (10 coronary
arteries and 2 carotid arteries dissected
from 5 different autopsy cases).

IVUS acquisition was performed at a
0.5 mm/s speed after ligature of the
branching points to generate a closed
system. Lipid necrotic areas were
defined by IVUS as large echolucent
intraplaque areas surrounded by tissue
with higher echodensity. To obtain
histopathol ogic sections corresponding
to IVUS cross sections, vessels were
divided into consecutive 3 mm-long

segments using the most distal

recorded IVUS image asthe starting
reference. Then, samples were fixed
with 10 % buffered formalin, processed
for histopathologic study, serially

cut, and stained with the Movat
penthacrome method.

Results: One hundred twenty-two
sections were analyzed. Lipid pools
were observed by histology in 30
cross sections (25 %). IVUSreveded
the presence of lipid poolsin 19 of
122 cross sectionswith a sensitivity
and specificity of 67 % and 94 %,
respectively.

Conclusions: High frequency trans-
ducers accurately identify lipid/necrotic
pools and open new perspectives on
future IVUS characterization of athero-
sclerotic plaques.
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Intravascular ultrasound definition of atherosclerotic
plaque components

Since intravascular ultrasound (IVUS) imaging was intro-
duced almost ten years ago, it has emerged as an imaging
modality capable of measuring lumen and vessel dimensions
and assessing plaque distribution (1-6). Previous studies
correlating histomorphology with 20-30 MHz-derived IVUS
images showed that 1 VUS provides qualitative information on
plaque composition (1-6).

Accordingly, atherosclerotic plaques can be roughly
grouped as predominantly soft, fibrous, or calcific. The echo
signals derived from fibromuscolar tissue (such as in neo-
intimal hyperplasia), thrombus and lipid-necrotic material are
less intense than those obtained from calcified and fibro-
sclerotic plague components, which have a highly echogenic
appearance.

Although 1VUS imaging proved to define calcific and
fibrotic tissue with high accuracy, the soft components of
the atherosclerotic plague, such as lipid-necrotic pools
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and thrombus, were defined with lower sensitivity and
specificity.

Calcium

Calcium is accurately revealed by IVUS imaging as a highly
reflective tissue leading to acoustic shadowing (Fig. 1A).
Potkin et a. (6) compared 54 atherosclerotic sites imaged by
ultrasound with formalin-fixed and fresh histological sections

Fig. 1 1VUS imaging of plague component. A) Example of calcific
plaque. A calcific deposit with acoustic shadowing is visible at 3—7
o' clock. B) Example of loose fibrous plaque. The plaque has an echoden-
sity similar to that of the adventitia. C) Example of hard fibrous plague.
A densefibrotic deposit, |eading to progressive acoustic shadowingin the
external quadrants, is visible at 5-7 o’clock. D) Example of lipid pool.
An echolucency within fibrous tissue, indicative of a lipid pool, can be
appreciated at 7 o’ clock. E) An echolucent areaisvisible at 4-5 o’ clock,
due to shadowing from dense fibrotic tissue located internally. The
acoustic shadowing may obstruct the visualization of possiblelipid pools
externally. F) Example of thrombus. A mass with scintillating sparkling
appearanceis present at 6-8 o’ clock.

of the coronary arteries. The histological analysis was per-
formed in 112 quadrants obtained from 28 arterial sections.
Histological plague composition could be predicted in 96 %
of cases: all 19 calcific plague quadrants were correctly iden-
tified by IVUS. Other reports confirmed thesefindings, reveal -
ing a high sensitivity and specificity in the IVUS assessment
of focal calcium (7). Furthermore, IVUS proved to define the
presence of calcific deposit with higher sensitivity than
angiography: Mintz et al. (8), comparing IVUS and angio-
graphy, demonstrated that the latter underestimates calcific
spots with respect to IVUS (40 % vs 70 % of target lesions,
respectively). Although I'VUS provides uniqueinformation on
the presence and site of cal cium deposits, recent reports under-
lined that the calcific plaque burden is underestimated by
IVUSimaging. Kostamaaet al. (9) in arecent in vivo study in
human arteries aimed at comparing IVUS with un-decalcified
histology and demonstrated that IV US underestimatesthetotal
calcified plague cross-sectional area by about 40 %, dueto the
inability of the ultrasound to penetrate intra-lesion calcium.

The poor identification of microcalcifications by 20-30
MHz transducersis another limit of current I'VUS technol ogy.
Friedrich et al. (10) investigated the power of 1VUS to detect
the histological extent of in situ coronary calcium in fresh
specimen. The authors found a somewhat low sensitivity of
IVUSfor theidentification of small accumulationsof calcium,
having athickness|essthan 100 um. Although high specificity
was preserved, the sensitivity was only 64 %.

Fig. 2 In the left panel, the coronary angiogram shows a tight smooth
concentriclesioninthe mid segment of theleft anterior descending artery
(arrow). IVUS confirmsthe severity of thelesion showing aseverelumen
reduction at the lesion site (upper right panel) in comparison to the refer-
ence site (lower right panel) and offers additional information on plaque
composition, revealing an echolucent areaat 9 0’ clock, corresponding to
alipid pool, that can not be appreciated by angiography.
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Fibrous tissue

IVUSiscapable of depicting thefibro-sclerotic components of
atherosclerotic plague, which typically exhibit an echogenic-
ity comprised between that of calcium and fat tissue. Never-
theless at the current stage of technology, a more accurate
pathol ogic distinction between dense and |oose fibrous tissue
can not be achieved. Based on a rough classification, hard
fibrous plaques can be differentiated from soft fibrous ones,
given that their higher content of collagen and elastin leadsto
a progressive attenuation of 1VUS signal and generate a
shadow in the distal field (Fig. 1B, C) (5). Of note, the pres-
ence of acoustic shadowing is not peculiar for hard fibrous
tissue, being also a characteristic of calcium. However, adis-
tinction between fibrous and calcific tissue can be attempted,
based on the modality of attenuation of the acoustic shadow-
ing, that isprogressivein hard fibrouslesionswhileit isabrupt
in calcified plagues, leading to reverberation. Further techni-
cal improvements of IVUS technology are especially needed
to offer amore detailed assessment of fibrous plaques.

Soft tissue

Plague components with echogenicity lower than that of the
adventitia are commonly classified as soft tissues. This defin-
ition (soft lesion) has not been shown to be associated with the
compressibility of the plague and comprises alarge spectrum
of tissue components, including lipid-necrotic pools, loose
fibroustissue, and thrombus. Of note, prior studies correlating
IVUSimageswith histomorphology showed that plaqueswith
a predominant echolucent composition have high fractions of
loose fibrous tissue, smooth muscle, thrombotic or necrotic
elements, but failed to provide specific details on plague mor-
phology such asthe assessment of lipid pools (5, 6, 11). Infact,
the sensitivity and specificity of IVUS to define quadrants
with alipid content at histology wasfound to below. Asamat-
ter of fact, the definition of lipid pools is rather cumbersome
and leadsto different interpretations: occasionally, echolucent
areas within fibrous plague can be properly identified aslipid-
necrotic areas (Fig, 1D, 2), but in other circumstances shadow-
ing from dense fibrotic tissue can be mistaken for lipid (Fig.
1E).

Thrombus

Identification of thrombus by IVUS imaging is difficult.
Occasionaly thrombus appears as a mass with scintillating
sparkling appearance (Fig. 1F). When thrombusisfresh/recent
and mobile, due to the sisto-diastolic excursions of coronary
arteries, it can beeasily identified by IVUS. On the other hand,

older/organizing thrombi are difficult to differentiate from the
other plague components. Therefore, the identification of
thrombus, key information in acute coronary syndromes, is at
the limit of resolution of the current 30 MHz IVUS trans-
ducers; new imaging technology, based on the use of high
frequency transducers and on the analysis of radiofrequency,
could overcome these limits (5, 6, 11).

Correlation of plaque morphology with clinical syndromes

Available data from prior studies are not encouraging. They
reflect the difficulty of differentiating by 1VUSthe distinctive
features of acute coronary syndromes: plague fissuration and
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Fig. 3 Inthe right upper panel, an IVUS cross section obtained in the
mid anterior descending artery shows alarge plaque with aclear echolu-
cent areaat 46 0’ clock, corresponding to a ruptured plague with alipid
free core. In the left inferior panel, the longitudinal reconstruction of the
analyzed segment is displayed. A semi-automated contour detection
agorithm (Tomtec, Munich Germany), defining the inner contour
between lumen and plague and the external contour between plaque and
adventitia, is applied. The location of plaque disruption can be clearly
appreciated in the longitudinal view and in the corresponding schematic
drawing of the vessel (arrow in theright panel). A 3-D reconstruction of
the same segment obtained with the Echoscan system (Tomtec, Munich
Germany) offersaclear representation of plaque distribution in the upper
right panel. The site of plague ulceration isindicated by the arrow.
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thrombus (Fig. 3). Hodgson et a. (12) compared lesion mor-
phology in 65 lesions obtained in patients with stable and
unstable angina. The authorsfound ahigher prevalence of soft
plaguesin patientswith unstable angina, but could not demon-
strate in this subgroup of patients a higher prevalence of
fissuration and thrombosis. In a more recent study (13), in
which pre-interventional ultrasound was performed in 33
patients with unstable and stable angina, no significant differ-
ences in plaque echodensity in either group were found,
although there was a trend for more echolucent zones in
unstable lesions. The mgjor finding in the above study wasthe
observation that unstable coronary lesionsarefrequently char-
acterized by a“layered” pattern within the lesion. The inner
part of thelesion was separated from the outer segment in most
cases by a fine, circumferential echodense line. The echo-
density of the inner layer was frequently similar to the sur-
rounding layer, but in a proportion of cases was relatively
echolucent.

Definition of plaque morphology with 40 MHz
transducers: an in vitro correlation between
histomorphology and IVUS images in human arteries

Most I'VUS studies dedi cated to plaque composition date back
to the early 1990s, when 1VVUS technology was still confined
to 20 MHz transducers and further technical upgrade was not
paralleled by corresponding investigations dedicated to the
diagnostic potential of the procedure. Therefore, data on
plague morphology characterization with high frequency
transducers, which should enable amore accurate definition of
the soft component of atherosclerotic plaques, are not avail-
able.

We have investigated the qualitative correlations between
IVUS and histopathologic findings of corresponding sections
in human coronary arteries obtained at autopsy from patients
with atherosclerosis. Particularly, we addressed the question
of whether IVUS with 40 MHz transducers identifies
lipid/necrotic pools and adds further information to that
obtained with prior transducers.

Methods

IVUS investigation

The in vitro study used an imaging catheter with a 40 MHz
mechanical transducer (Cardiovascular Imaging SystemsInc,
Sunnyvale, Calif).

Arterial segmentswere dissected fromthe epicardial fat and
all side branches and distal ends of the artery were ligated to
generate aclosed system. A 7 F valved sheath was fixed in the
proximal ending of the vessel segment with an external ring
suture. The arterial segments were then suspended horizon-
tally in a container using small metal crooks and placed in a
beacker of water. Saline (0.9 %) was infused through the
lateral arm of the sheath at a constant physiologic pressure
(60—80 mmHg) using a syringomanometer.

Internal markers (calcific deposits) and an external marker
(surgical needle) were used to confirm that ultrasound images
and histological sectionswerealigned. ThelVVUS catheter was
then inserted into the introducer and advanced into the arter-
ial samplesuntil the external marker was clearly imaged. The
IVUS catheter was kept coaxial with respect to thearterial seg-
ments and was pulled back at a constant speed of 0.5 mm/s
(14). The first seconds of the automated pull-back were
discarded from analysis to avoid a nonuniform movement of
the catheter in theinitial phase of the continuous pull back.

The following components of the atherosclerotic plaque
were defined:

e Fibroustissue: plague components having adensity similar
or greater than that of the adventitia

e Calcific deposits: highly echogenic segments having a
density greater than that of the adventitia and causing
acoustic shadowing.

e Microcalcific deposits: highly echogenic spots with a
thickness less than 0.1 mm.

® Lipid necrotic areas: large echolucent areas within the
plaque, circumscribed by tissue with higher echodensity.

Histopathol ogic study

Arterial vessels were cut into consecutive 3 mm-long seg-
ments from distal to proximal ends using the most distal
recorded IVUSimage asthe starting reference. A coding num-
ber was assigned to each segment. The corresponding number
had been used to mark IVUS images. Then arterial samples
were fixed with 10 % buffered formalin, routinely processed
for histopathologic study and embedded in paraffin. Serial
sections from each block were cut at adistance of 0.5 mm. An
automatic computerize-assisted technique was used to obtain
quantitative measurements.

Results

One hundred twenty-two sections were analyzed. Lipid pools
were observed by histology in 30 cross sections (25 %). IVUS
revealed the presence of lipid poolsin 19 of 122 cross sections
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Fig. 4 Photomicrograph x 25 of histological and corresponding IVUS
cross section in the left anterior descending coronary artery. In the left
panel, histology shows at five o’ clock, adjacent to the emergence of a
diagonal branch (arrow at 7 o’clock), a calcific deposit superficially
(black arrowhead) and a lipid pool deeply embedded in the atheroscle-
rotic plaque (whitearrowhead). In the corresponding I VUS cross section,
the lipid pool can not be appreciated due to the echo-signal attenuation
caused by the presence of highly echogenic superficial fibrous tissue
(arrowhead).

Fig. 5 Photomicrograph (x 25) of histological section from the left
circumflex (left panel) and the corresponding ultrasound imaging (right
panel). The histological section shows a lipid-necrotic area restricted to
the 6 and 10 o’ clock positions (arrows). 1VUS confirms the presence of
the lipid-necrotic pool at seven o'clock, where an echolucent lake is
visible. At the 7-10 o’ clock position IVUS s not capable of revealing the
lipid content due to its spread out distribution within the atherosclerotic

plaque.

with a sensitivity and specificity of 67 % and 94 %, respec-
tively. In 5 cases (4 %) 1VUS revealed a hypoechogenic area,
interpreted as a lipid pool that could not be confirmed by
histology (false positive): the histopathologic finding corre-
sponding to the echolucency was due to areas shadowing from
densefibroustissue. In 10 cases (8 %) lipid pools could not be
appreciated by IVUS (false negative); in 7 cross sections the
misinterpretation was due to presence of dense fibrous tissue
and cal cium deposits|eading to hypoechogenic areasthat were
erroneously interpreted as shadowing from these highly
echogenic structures (Fig. 4). In the remaining 3 cases the

Fig.6 Photomicrographx 25 of histological section from theleft anterior
coronary artery (left panel) and the corresponding ultrasound imaging
(right panel). A lipid-necrotic core (arrowhead), with calcific deposit
(arrow), deeply embedded in the atherosclerotic plaque, isvisible at 5-6
o' clock. IVUS shows aipoechogenic areaindicative of lipid core (arrow-
head) with microcalcification (bright deposits indicated by the arrow).
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Fig. 7 Photomicrograph x 25 of histological section from the left
circumflex (left panel) and the corresponding ultrasound imaging (right
panel). Histology reveal's presence of an inner, thin, calcific ring. Of note
is that the IVUS corresponding cross section shows an inner ring with
high echorefl ectance which does not cause acousti ¢ shadowing in spite of
the presence of calcium.

misinterpretation of the lipid areas was due to the spread-out
distribution of the lipid pools that were not localized in a
definite areawithin the atheroscleraotic plague (Fig. 5).

A common observation by 1VUS was the presence of
minimal highly reflective deposits both within and around the
lipid lakes. These bright deposits, corresponding to plaque
microcalcifications at histology, were found in 12 of the 19
lipid poolsat IVUS (64 %) (Fig. 6).

Twenty-six calcific deposits were observed by histology in
122 analyzed cross sections. The sensitivity and specificity of
IVUS for assessment of calcifications was high (respectively
70 % and 100 %). In 7 cross sections (6 %), calcium deposits
by histology wereinterpreted as fibrous tissue by IVUS. This
wasdueto the presence of thin, highly echogenic spotsthat did
not lead to acoustic shadowing and weretherefore erroneously
interpreted as fibroustissue (Fig. 7).

Discussion

The current study was designed to address whether the
technical upgrades of 1VUS transducers (40 MHz) allows a
reliable evaluation of lipid pools within the atherosclerotic
plagues. We showed that 40 MHz transducers define lipid
pools with a sensitivity and specificity of 67 % and 94 %,
respectively. Although the current use of transducers at higher

frequency (40 MHz) improves the image quality (15), some
shortcomings in the definition of the plaque component are
still present. The use of higher frequency transducers enhances
the definition of lipid pools, athough in some caseslipid col-
lection can be misdiagnosed. The lipid pool can be misdiag-
nosed in presence of 1) highly echogenic tissue and 2) lipid
contents with a spread out distribution within the atheroscle-
rotic plaque. In the former case, highly echogenic tissue, such
as calcified or dense fibrous tissue, impairs the identification
of lipid pools (low echogenic areas due to acoustic shadow-
ing); inthelatter, theirregul ar diffuse distribution hampersthe
assessment of lipid poolswhich can be better visualized if well
circumscribed in a definite region of the atherosclerotic
plague. Nevertheless, more specific details such as measure-
ments of areaswith lipid contents and thickness of fibrous cap
can not be obtained at the current state of technology.

In our study microcalcifications, appearing as highly
echogenic spots, were frequently identified by 1VUS among
thelipid lakes. This observation fitswith corresponding histo-
logic findings of scattered deposits of microcalcifications
among lipid pools. The IVUS power to identify microcalcifi-
cations is due to the higher resolution obtained with 40 MHz
transducers, with respect to those from prior generations. Of
note, in a previous study based on 30 MHz transducers, the
IVUS sensitivity for microcalcification was only 64 %,
although high specificity was preserved (10). Minimal calci-
fied depositswithin thelipid pools can therefore be considered
adjunctive markers enhancing the accuracy of 1VUS in the
identification of lipid pools.

Optimal assessment of atherosclerotic plaques:
research and clinical implications

The accurate characterization of atherosclerotic plaque struc-
tureisof paramount importance. In current hypotheses on the
pathogenesis of acute ischemic syndromes, a large lipid core
is one of the markers that define vulnerable plaques, namely
plagues which are more prone to rupture and further throm-
bosis (16-18). Most coronary plagues causing acute ischemic
syndromes (about 60 % in sudden coronary death and 75 % in
acute myocardial infarction) undergo rupture and thrombosis.
Plaguerupture, however, has been recently shown not to bethe
only substrate for coronary thrombosis in acute ischemic
syndromes: coronary thrombosis may also occur in “fibrous”
plagues without alipid core or in atherosclerotic plaques with
thick, non-ruptured caps. In theselesions plague erosion rather
than rupture is the local substrate of acute thrombosis that
causes acute coronary syndromes (19-21). Therefore, better
definition of plaque structure could provide useful markersfor
future studies on vulnerable plaques and on eventful plaques
inwhich morphol ogical markersof “vulnerability” are absent.
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To thisaim, amajor marker, namely cap thickness, would be
necessary to parallel data on the atheromatous core presence
and size. Although both large core size and cap thickness are
not obligate markers of eventful lesions (they may also occur
in eventless plaques), their combined value would better
support in vivo identification of vulnerable lesions.

Therole of calcium in the pathogenesis of acute coronary
events is still controversial; while some authors suggest that
calcifications have a stabilizing effect on atherosclerotic
plaques, others have argued that a soft plaque, with a point of
weakness induced by inflammation adjacent to an area of
calcification, predisposes the plaque to rupture (22). A proper
IVUSinvivo differentiation of plaqueswith alarge corefrom
plagueswith prevalent fibro-proliferative composition, aswell
as a precise evaluation of contents in calcium deposits could
provide useful insights on plaque vulnerability as predicted by

Finally, precise characterization of plaque composition in
seria IVUS studies done at different intervals could assist in
vivo studies on effectiveness of drug therapy on plague size,
composition, and possible regression.

Future direction of IVUS

Further refinements of 1VUS technology are required to over-
come limitations of IVUS in optimal plague characterization.
New techniques are being devel oped for characterizing tissue,
defining the region of interest and then analyzing the radio-
frequency backscatter The use of 1VUS transducers at fre-
guencies higher than 40 MHz and the parallel application of
digital processing of 1VUSimages could substantially improve

its composition.

imaging quality (5).
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