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Intravascular imaging has enabled in vivo assessment of coronary artery pathology and detection of plaque characteristics that are
associated with increased vulnerability. Prospective invasive imaging studies of coronary atherosclerosis have demonstrated that
invasive imaging modalities can detect lesions that are likely to progress and cause cardiovascular events and provided unique
insights about atherosclerotic evolution. However, despite the undoubted value of the existing imaging techniques in clinical and
research arenas, all the available modalities have significant limitations in assessing plaque characteristics when compared with
histology. Hybrid/multimodality infravascular imaging appears able to overcome some of the limitations of standalone imaging;
however, there are only few histology studies that examined their performance in evaluating plaque pathobiology. In this article, we
review the evidence about the efficacy of standalone and multi-modality/hybrid intravascular imaging in assessing plaque
morphology against histology, highlight the advantages and limitations of the existing imaging techniques and discuss the future
potential of emerging imaging modalities in the study of atherosclerosis. (Am Heart ] 2019;218:20-31.)

Pathology studies have shown that the vulnerable
lesions, ie, the lesions that are likely to progress and
cause cardiovascular events have specific phenotypic
characteristics.! Constantinides, half a century ago, was
the first who showed that acute coronary events and
coronary artery thrombosis are due to the rupture of
lipid-rich plaques with thin fibrous caps; while Falk et al,
a few years later, demonstrated that the ruptured
plaques that cause myocardial infarction are often flow
limiting before their destabilization.>” Recent reports
have shown that culprit lesions are often rich in macro-
phages, neovascularization and cholesterol crystals.% The
above pivotal studies provided consistent evidence that the
culprit lesions have specific and distinct morphological
characteristics, raising hopes that if we are able to identify
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these features in vivo and implement focal or systematic
therapies then we will be able to prevent future cardiovas-
cular events.”

The first prospective imaging studies of coronary
atherosclerosis, which examined the efficacy of intravas-
cular ultrasound (IVUS), in detecting vulnerable plaques
showed that IVUS can identify high-risk lesions, albeit
with limited accuracy; a fact that, at least partially, was
attributed to its limited efficacy in assessing plaque
phenotype.®' These findings drove research towards
the design of new imaging modalities that would enable
more accurate evaluation of plaque morphology and
were validated against histology.

The efficacy of invasive imaging in assessing in vivo
plaque morphology has been extensively discussed in
several reports7’“’]4; the present review focuses on its
comparison against histology. More specifically, it summa-
rizes the evidence of human histology-based studies that
evaluated the efficacy and limitations of the clinically
available and emerging invasive imaging techniques in
detecting coronary artery pathology and discusses the
potential value of multi-modality/hybrid imaging in detect-
ing vulnerable plaque characteristics.

Clinically available intravascular imaging
modalities
Intravascular ultrasound

Small-scale histology studies have showed that this
modality can reliably quantify the lumen and plaque
dimensions and characterize plaque composition
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(Supplementary table 1). 1516 Later reports confirmed the

efficacy of IVUS in quantifying lumen and vessel wall
dimensions, but cast doubts about the ability of this
modality in assessing plaque morphology. This limitation
reflected conventional IVUS plaque characterization's
reliance on the visual inspection of the echogenicity of
the different tissue types, rather than the direct assess-
ment of the biochemical plaque composition. To
overcome this limitation a computerized image
processing-based methodology, called ‘echogenicity’
was developed that allowed accurate quantification of
the acoustic properties of different plaque types. This
approach relies on the comparison of varying gray-value
intensities detected in the defined plaque against the
echogenicity of the adventitia which is assumed to be
composed of fibrotic tissue. A porcine histology study
demonstrated that this modality has a high sensitivity in
detecting different tissues types'”; these findings howev-
er were not confirmed by a small human histology study
which demonstrated no association between different
plaque components (ie, smooth muscle cells, collagen
and calcific tissue) and echogenicity patterns.'® The
above results as well as the development of automated
signal processing methodologies that were able to
analyze the backscattered IVUS signal to better charac-
terize plaque composition has restricted the applications
of echogenicity in the study of atherosclerosis.

Radiofrequency analysis of the intravas-

cular ultrasound backscattered signal
Intravascular ultrasound virtual histology
Radiofrequency analysis of the IVUS backscatter signal
enabled measurement of the amplitude and the frequency
of the IVUS signal, providing incremental information
about tissue composition and plaque morphology. IVUS
virtual histology (VH) relies on the radiofrequency analysis
and processing of the backscattered IVUS signal using
autoregressive models. A classification tree is then used to
determine plaque composition and classify tissues to four
plaque components (dense calcium, fibrotic, fibro-fatty and
necrotic core) that are color coded displayed in IVUS cross
sections. The first validation study performed in rotational
IVUS systems (30 MHz) using histology as gold standard
showed that IVUS-VH was able to detect with a high
accuracy all tissue types (Supplementary table 2). Howev-
er, this study included a very small number of cross-sections
(N = 88) from the available data and provided a qualitative
assessment of plaque type derived from IVUS-VH rather
than a quantitative validation of the modality against
histology.'? To address this limitation, the same group
performed a more extensive validation in a larger data set,
that included 115 cross sections - in these, the authors
defined corresponding regions of interests (ROI, diameter:
330x330um), characterized the predominant tissue type in
histology and IVUS-VH in each ROI and compared the
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estimations of IVUS-VH and histology. An excellent
agreement was noted between the estimations of IVUS-
VH and histology (accuracy >93% for detecting all tissue
types and k = 0.845), a finding that encouraged the
development of algorithms which enabled classification
of plaque phenotype (ie, adaptive intima thickening,
pathological intima thickening, fibrotic, fibrocalcific, thin
and thick cap fibroatheroma and calcified fibroatheroma)
based on the estimations of IVUS-VH about plaque
composition.”” A histology-based validation study in
rabbits—with limited inclusion of plaque phenotypes®' —
showed that IVUS-VH has an excellent specificity and high
sensitivity in detecting plaque phenotypes, a finding that
supported the design of prospective large scale studies
utilizing IVUS-VH to detect vulnerable plaques.®'°

However, recent reports raised concerns about the
efficacy of IVUS-VH in assessing plaque composition. Two
porcine histology-based studies showed that IVUS-VH is
unable to accurately detect lipid component.'”** These
results have been at least partially attributed to the fact that
lipid tissue in porcine models is likely to have a different
composition than the lipid tissue in humans.>> Neverthe-
less, a recent human histology-based study confirmed the
limited accuracy of IVUS-VH in assessing plaque composi-
tion with a low sensitivity (42%) and positive predictive
value (40%) in detecting large necrotic cores. >

There is one histology study that examined the efficacy
of IVUS-VH in assessing plaque composition in data
acquired by later generation with higher frequency (45
MHz) rotational IVUS systems.?”> The algorithms were
trained using histology data in 511 ROIs (111 cross
sections) and validated in 1060 ROIs; the authors
reported a 76.7% accuracy of IVUS-VH in detecting all
tissue types that increased to 88.6% when they excluded
from the analysis ROIs portraying acoustic shadowing
behind calcific tissues. The reported results are promising
however more robust evidence is needed before its wider
use in research.

Integrated backscatter intravascular ultrasound analysis

Integrated backscatter (IB) analysis relies on fast
Fourier transformation of the frequency of the IVUS
signal backscattered from a small volume of tissue.
Several histology-based studies have assessed the efficacy
of IBIVUS in characterizing tissue types (Supplementary
table 2). In a study performed by Kawasaki et al it was
shown that IB-IVUS has a high agreement with histology
in detecting plaque composition (k = 0.80).%° A subse-
quent clinical study, performed in 140 patients, showed
that plaque composition and in particular the presence of
lipid tissue detected by this modality can predict lesions
that are likely to progress and cause events.”’ These
findings attracted attention and led research to design
user friendly software for the online processing of IVUS
data.*®*°
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A recent histology study that compared IVUS-VH and IB-
IVUS showed that the latter has a higher accuracy in
assessing plaque components®’; however, a multi-
modality imaging study conducted by the same research
group comparing IB-IVUS, OCT and grayscale IVUS
showed that IBIVUS outperforms grayscale IVUS but
has a lower efficacy in detecting different tissue types
compared to OCT.>! These findings, as well as the fact
that the technology is available only in Japan, have limited
the clinical applications of this modality in the clinical and
research arena.

iMAP intravascular ultrasound

iMAP-IVUS involves measurement of 40 different
spectral parameters using autoregressive models and
their comparison with the corresponding values of a large
database obtained from histopathological analysis of
typical atherosclerotic plaques.

There is a single validation study comparing iMAP-IVUS
with histology which showed a high level of accuracy for
all tissue types (Supplementary table 2). However, there
are no other reports to confirm the above findings while
an in vivo study comparing iMAP-IVUS with IB-IVUS
showed no correlation for lipid pools and a moderate
correlation for the other tissue types.®> Therefore, the
efficacy of iMAP in characterizing plaque composition
remains questionable.

Optical coherence tomography
Tissue composition

Optical Coherence Tomography (OCT) was introduced
at the beginning of this century to overcome the inherent
limitations of IVUS. The key advantage of OCT is its
greater resolution, which is typically 12-18 um; this
enables more detailed assessment of the lumen and vessel
wall pathology. However, superior resolution comes at a
cost of limited imaging depth (~2 mm) that often
prevents complete assessment of vessel wall. The first
studies examining the efficacy of OCT in assessing plaque
characteristics, using histology as gold standard demon-
strated its superiority against IVUS (Supplementary table
3). In the study of Yabushita et al®®> a high overall
agreement was noted between OCT and histology for all
tissue types, a finding that was confirmed by Kawasaki et
al®' and Kume et al.>* The latter group also demonstrated
the efficacy of OCT in estimating intima-media thickness
and highlighted its value in visualizing vessel wall
architecture in normal vessels and detecting media and
adventitia layers.>> A recent histopathological study has
also shown that OCT can detect various types of coronary
calcification, including calcific nodules; nevertheless in
this report the number of calcific plaques and especially
the calcific nodules included were too small to allow us to
quantify the efficacy of OCT in differentiating coronary
calcification types.'z’6
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However, more recent reports revealed limitations of
OCT in detecting plaque morphology. In the study of
Rieber et al®’, a moderate agreement was reported
between OCT and histology for assessing plaque mor-
phology (k = 0.67) which was mainly limited by the
lower diagnostic accuracy within the fibrous quadrants
while Manfrini et a1°® showed that OCT cannot accurately
characterize deeply embedded tissues behind thick
fibrous caps and differentiate the lipid from calcific
component (Supplementary table 3). Recently, analysis of
the attenuation and backscatter coefficients including
depth-resolved approaches has been introduced to
improve plaque characterization. These methodologies
may facilitate plaque assessment; however additional
histology studies and robust evidence are required to
prove their value in the study of atherosclerosis. >

Macrophages

The landmark study of Tearney et al was the first that
demonstrated the potential value of OCT in detecting
macrophage accumulations.®® The authors showed that
an increased OCT signal intensity in fibrous caps,
overlying fibroatheromas, was strongly associated with
the macrophages' density (r = 0.83, P <.0001). These
findings were supported by a recent study which
introduced a two-step algorithm that included an OCT
signal intensity metric—named normalized standard
deviation—and a size filter of structures imaged by OCT
and enabled detection of inflamed fibrous caps with a
sensitivity of 100% and specificity of 96.8%.**

However, these results were not confirmed by a larger
scale histology study which examined the efficacy of
OCT in detecting macrophage accumulations in the
entire plaque.45 In this study, the authors developed a
different automated methodology to detect “bright spots”
which was able to reproducibly assess pixels' intensity
taking into account the location of the pixels in the
plaque and their distance from the OCT catheter. Overall,
only 57% of the “bright spots” corresponded to macro-
phages accumulation in histology; however, when
analysis focused on thin cap fibroatheromas (TCFA) it
was shown that the presence of “bright spots” had a high
accuracy in detecting macrophages. Interestingly, in this
study some macrophages appeared dark in OCT. These
findings indicate that OCT may not be as accurate as it
was initially believed in detecting vascular inflammation;
what is more important however is that the presence of
macrophages in OCT has been a predictor of worse
prognosis in the CLIMA study. 46

Neovascularization

It is widely accepted that OCT enables identification of
neovascularization and has been used in several studies to
study atherosclerotic evolution. *” However, the efficacy
of OCT in detecting neovascularization against histology
has not been extensively studied. A case report has
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shown that small black holes with a diameter 50-300 um
appearing in 3 consecutive OCT cross sections corre-
sponded to intravascular neo-vessel formations. *® A more
recent ex vivo study that included 55 plaques and used
the above definition to identify neovascularization
demonstrated that time domain OCT had a 52% sensitivity
and 68% specificity in detecting plaque neovascularisa-
tion.* The limited efficacy of time domain OCT was
attributed to its poor penetration depth; no study today
has examined the performance of superior frequency
domain OCT in identifying neovascularization.

Cholesterol crystals

Cumulative evidence supports the role of cholesterol
crystals on the natural evolution of atherosclerotic lesions
and contributes to the destabilization of vulnerable
plaques.(’ It has been speculated that OCT can detect
cholesterol crystals which appear as linear signal rich
streaks.”® However, the efficacy of the modality to identify
these features has not been formally examined yet.

Fibrous cap thickness

Pathological studies have shown that cap thickness
over fibroatheromas is a strong predictor of plaque
vulnerability®'>%; a cap thickness of <65 pum has been
used, according to histology studies, to define TCFA, ie,
plaques prone to rupture and cause events. Nevertheless,
this cut-off has been challenged by a recent in vivo OCT
study which suggested that the best cut-off for predicting
plaque rupture is <80 pm>?; a discrepancy that has been
attributed to tissue shrinkage during histopathological
processing.

Two studies have examined the accuracy of OCT in
assessing fibrous cap thickness and showed a high
agreement between OCT and histology. 455 However,
the inter- (13 + 41 pum) and intra-observer (20 + 59 pm)
variability between the annotations of experts was
moderate in the study of Kume et al, a finding that was
confirmed by a recent more extensive analysis. ¢ Over
the last few years automated approaches and lesion
assessment criteria have been introduced for more
reproducible quantification of cap thickness in
OCT.?”>® The first results appear promising, however
further research with validation using histology data are
needed to confirm that these approaches enable more
reliable estimation of the fibrous cap thickness and
identification of TCFA.

Other limitations of OCT is its inability to give
information about the collagen content of the fibrous
cap which affects cap strength and stability and the fact
that OCT cannot always accurately detect lipid compo-
nent especially in the presence of macrophages or
calcification.® Polarization-sensitive optical tomography
(PS-OCT) which measures birefringence has shown
potential to evaluate fibrous cap and plaque composition;
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however there is no detailed and quantitative validation
about its accuracy in differentiating tissue types.(’()

Thrombus

OCT is regarded as the gold standard, not only for the
detection but also for the characterization of luminal
thrombus. A landmark study, performed by Kume et al®!,
that included 108 coronary artery segments from 40
human cadavers showed that red and white thrombi have
different morphological characteristics in OCT: red
thrombi appear as high backscattering intra-luminal
masses with a signal-free shadowing behind them while
white thrombi appear as signal-rich low backscattering
endoluminal masses. In this study, signal intensity
attenuation was able to differentiate with a sensitivity of
90% and specificity of 88% red from white thrombi.

Clinical studies have highlighted the superiority of OCT
over other invasive imaging techniques in detecting destabi-
lized plaques that caused events—ie, plaque 1'upturf:,62
plaque erosion,®® and erupted calcific nodules—and there-
fore OCT is regarded today as the method of choice for
assessing culprit lesions in patients admitted with a
cardiovascular event (Figure 1). However, despite the
broad use of OCT in this setting,(""65 there is no robust
validation studies that have examined its efficacy in detecting
the cause of the event using histology as gold standard.

Near infrared spectroscopy. Near infrared spectros-
copy (NIRS) is the only clinically available imaging
technique that is able to assess the chemical composition
of the coronary plaques. NIRS imaging relies on the
principle that different molecules have the ability to
absorb and scatter the NIR light at different degrees and
various wavelengths. The spectral analysis of the
reflected NIR signal appears able to provide information
about plaque composition and in particular about the
presence of lipid core plaques and possibly identify areas
of depleted collagen in fibrous caps (Supplementary table
4). The first validation study of NIRS, performed in 126
coronary artery segments from 51 autopsy hearts,
showed that NIRS could detect with high accuracy
(0.80; 95% CI: 0.76-0.85) lipid cores with circumferential
extent >60° located in the superficial plaque (cap
thickness< 450 um).“ In this study, which resulted in
the first Food and Drug Administration (FDA) diagnostic
label claim for lipid core plaque, plaque composition
from histology was correlated with the block chemogram
in NIRS which displays the probability of the presence of
lipid tissue in a 2 mm block of the coronary artery. These
data were re-analyzed by Kang et al®” who also performed
IVUS imaging and focused on the efficacy of the two
modalities in assessing the phenotype of the plaque. A
low sensitivity (30%) in this study was reported that was
attributed to the limited efficacy of NIRS in detecting
fibroatheromas with small necrotic cores, while the false
positive NIRS estimations were related to the increased
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Figure 1
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OCT characterization of a complex coronary plaque. CD68 stain for CD68+ macrophage (brown stain, panel A); red arc highlights area of
attenuation secondary to light absorption by macrophage and underlying necrotic core evident in matched OCT image (B). Actin stain for smooth
muscle cells (C), demarcating medial band (only evident in OCT image for a limited arc (white dotted lines represent visible internal and external
elastic membrane) due to plaque complexity. Panel D illustrates the corresponding histological cross section stained with Movat's pentachrome (red
stain = muscle, bright red = fibrin, black = nuclei, yellow = collagen, blue = mucin); while panel E shows a histological cross section stained with
Elastic Van Gieson (EVG) stain that enables detection of the elastin fibers of the internal and external elastic membrane; panel F portrays the

histological cross section stained with hematoxylin and eosin (H&E) stain.

lipid component seen in lesions classified as pathological
intimal thickening. Two more recent reports took
advantage of the data collected in the study of Gardner
et al®® to examine the efficacy of NIRS in detecting plaque
morphology: in the study of Puri et a1 NIRS was able to
detect fibroatheromas with a moderate accuracy (c-
index: 0.71) while Inaba et al®® examined the efficacy of
this modality in detecting TCFA—which however were
only 10 in this dataset—and showed that a maximum
lipid core burden index in a 4 mm segment>323 was able
to identify TCFA with an excellent accuracy (area under
the curve, AUC: 0.84, Supplementary table 4).

A limitation of NIRS is its inability to estimate the depth
of the lipid tissue from the luminal surface. To address
this limitation effort has been made to assess, using NIRS,
collagen content—and thus indirectly fibrous cap thick-
ness overlying lipid tissue; a histology study performed by
Madden et al’®, in 212 coronary artery segments, showed
that NIRS can differentiate, with an AUC: 0.76 (95% CI:
071-0.81), thin from thick cap fibroatheromas providing
promise for the future (Figure 2). The developed

methodology is currently being validated in a large scale
appropriately sized histology study.

Additional limitations of NIRS are its inability to assess
lumen and plaque dimensions and quantify plaque burden.
To overcome these drawbacks, fusion of IVUS and NIRS has
been proposed. Several histology imaging studies provided
proofs of the concept and showed that combined NIRS-
IVUS imaging enables more reliable characterization of
plaque phenotype and accurate detection of high-risk
plaques. In the study of Puri et al®® combined NIRSIVUS
imaging enabled detection of fibroatheromas with an
excellent accuracy (c-statistic: 0.80 vs 0.76 for IVUS and
0.71 for NIRS) while in the study of Inaba et al® combined
NIRSIVUS allowed detection of TCFA with a higher
accuracy than standalone IVUS or NIRS (91% vs 69%).
Today, there is a hybrid dual probe NIRSIVUS catheter
(Makoto, Infraredx, Inc., Burlington, MA) that enables
simultaneous acquisition and accurate co-registration of
NIRS and IVUS signal. This system has been used in the Lipid
Rich Plaque study which included 1271 patients who had
NIRSIVUS imaging of the non-culprit vessels and showed
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Figure 2
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Combined NIRS-IVUS imaging in assessing plaque morphology. Example of a chemogram showing a very large lipid core plaque (A”), cross
sectional IVUS image corresponding to 72.3 mm longitudinal position within the plaque and with lumen (magenta) and EEM (green) contours
showing high plaque burden (A’), and Movat stained thin section confirming large circumferential lipid core with high plaque burden. Example
chemogram showing two small and one medium sized lipid core plaques (B”), cross sectional IVUS image corresponding to 39.0 mm longitudinal
position remote from the plaques and with lumen (magenta) and EEM (green) contours showing high plaque burden (B’), and Movat stained thin

section confirming eccentric fibrotic plaque with high plaque burden (B).

that an increased lipid component detected by NIRS is a
predictor of culprit lesions and high-risk patients. Further
analysis of the Lipid Rich Plaque study and the results of the
PROSPECT 1I study (NCT02171065) are expected to provide
definite answers about the efficacy of NIRS-IIVUS in
accurately identifying high-risk plaques.”

Multimodality and hybrid intravascular imaging.
The potential of hybrid intravascular imaging and the
clinical evidence supporting the use of multimodality
imaging in assessing plaque morphology have already
been discussed.—However, for most of the emerging
hybrid intravascular imaging modalities there is limited
human histology data to support their efficacy and
additional value in evaluating plaque morphology.”*

Intravascular ultrasound—optical coherence tomography

Several histology studies have demonstrated that com-
bined IVUS-OCT imaging allows more accurate evaluation of
plaque phenotype than standalone intravascular imaging
(Supplementary table 5).>>7*7> Goderie et al”” used the
combined IVUS and OCT to study ex vivo coronary plaque
characteristics in 36 cross-sectional images. The authors
showed that IVUS-OCT imaging was more effective (correct
estimations in 75% of the cases) than standalone IVUS or
OCT (correct estimations in 69% and 67% of the cases
respectively) in assessing coronary atheroma morphology.
Fujii et al>> compared the efficacy of IVUS, OCT and their
combination in detecting TCFA in 685 paired images: both
modalities had a high sensitivity, specificity and positive

predictive value but a low negative predictive value (19%
and 41%) which however increased to 69% when IVUS and
OCT were combined. Similarly, a more recent report that
included 14 left anterior descending coronary arteries (258
5mm segments) showed that IVUS and OCT had a moderate
accuracy in detecting TCFA (77% vs 79%) which improved
to 89% when both modalities were combined.”*

Over the last few years, several hybrid IVUS-OCT
catheters have been designed to reliably assess plaque
morphology. The first prototypes had significant limita-
tions (ie, bulky device, low OCT and IVUS image quality
and slow image acquisition rate) which did not enable their
use in the clinical arena. However, more recent revisions
seem able to overcome these limitations and currently an
advanced IVUS-OCT probe is FDA approved and undergo-
ing firstin-man studies. The potential value of these
catheters in assessing plaque morphology has been
assessed in several histology studies that provided proof
of concept, however the small number of lesions included
in these reports did not allow accurate quantification of the
superiority of IVUS-OCT over standalone intravascular
imaging. (Figure 3).7%77

Near infrared fluorescence imaging

Near infrared fluorescence (NIRF) imaging relies on the
injection of activatable markers that have the ability to bind to
molecules of the coronary plaques and fluoresce when they
are irradiated with NIR light. For in vivo NIRF imaging,—a
catheter has been designed’® that recently has been
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Figure 3
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Output of the hybrid IVUS-OCT catheter. Histological cross section stained with hematoxylin and eosin stain showing a fibrocalcific plaque (calcific
tissue is indicated with blue asterisks) and intraplaque hemorrhage (indicated with a red asterisk) (A). IVUS imaging (B) enables assessment of
plaque burden and calcific component (indicated with blue in panel D) but it has limited efficacy in defecting the intraplaque hemorrhage
(indicated with red color) that can be identified by OCT (C, E). Images provided by Dr Brian Courtney.

combined with an IVUS (combined NIRFIVUS)”® or an OCT
probe (OCT "NIRF). 5081 Despite the fact that the combined
OCT-NIRF catheter has been used in the clinical arena only in
a small feasibility study,®* there are robust data in animal
models to support the value of NIRF in assessing plaque
biology (Supplementary table 5). Experimental studies in
rabbit models showed that NIRF can detect the presence of
cysteine protease activity using a protease activatable agent
(Prosense750),”® while indocyanine green (ICG) seems able
to detect lipid and macrophage accumulations and areas with
impaired endothelial barrier function.®'®® These findings
were confirmed in pig studies,79’84 in in vitro studies in
humans®®* and in vivo in humans that were injected with
ICG before undergoing carotid endarterectomy. 8 Recently,
new activatable markers have been designed that are able to
selectively bind either macrophages® or oxidized LDL®” and
have been tested in rabbit models. In addition, there is
accumulating evidence that NIRF can detect fibrin accumu-
lation and thus more precise assessment than OCT of vessel
wall healing following percutaneous coronary interven-
tion.””® Currently, ICG is the only FDA approved NIRF
agent for clinical use; however this agent binds to different
plaques features and thus it does not enable detection of a
specific plaque characteristic. Several other NIRF agents that
are currently undergoing preclinical evaluation are expected
to reach the clinical arena and provide unique insight about
the implications of vascular inflaimmation on vulnerable
plaque formation.

Intravascular photoacoustic imaging
Intravascular photoacoustic imaging (IVPA) is based on
the analysis of the sound produced during the thermal

expansion of tissues irradiated with laser. The generated
images provide complementary information about vessel
wall pathology as IVUS can give information about plaque
burden while IVPA appears able to assess plaque
composition.”® Small scale histology studies in humans
have provided proof about the efficacy of IVPA in
detecting lipid component®°’; however, these studies
included a small number of segments and thus they were
unable to quantitatively examine the efficacy of the
modality in assessing plaque composition. Recently a
large scale validation study in rabbits confirmed the
efficacy of IVPA in detecting lipid tissue.”’ In addition,
recent experimental and animal studies have shown that
IVPA can be used to detect the presence of macrophages
after administration of dedicated contrast agent592’95;
nevertheless there is no ex vivo human data to support
the role of IVPA in detecting vascular inflammation.

Time resolved fluorescence spectroscopy—fluorescence
lifetime imaging microscopy

Time resolved fluorescence spectroscopy (TRES) relies
on the computation of the time required to resolve the
fluorescence emitted by molecules after these have been
irradiated with light. Advances in TRFS has enabled the
processing of the fluorescence signal from large surfaces—
florescence lifetime imaging microscopy (FLIm)—and thus
in vivo application of the technology in animal studies.
Several histology studies have examined the efficacy of this
technology in detecting plaque characteristics and showed
that FLIm imaging allows detection and differentiation of
the normal, fibrous and lipid-rich plaques.94 Limitations of
this modality include the need for blood clearance, the
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Role of intravascular imaging modalities in assessing plaque characteristics. The best modalities for assessing different plaque features are shown.
The modality/modalities which have robust histology validation for the specific plaque features have been highlighted with a green frame, those
with moderate agreement with histology are highlighted with a yellow frame and those that have not been extensively validated with a gray frame.

increased time needed for image acquisition, its inability to
assess the lumen and vessel wall dimensions and plaque
burden and the fact that FLIm is limited only to assessment
of the superficial plaque (250 um). To address these
limitations efforts have been made to develop hybrid FLIm-
IVUS®®> and FLim-OCT®%%7 imaging catheters. A recent
histology study showed that combined FLIm-IVUS allows
more reliable characterization than standalone IVUS
(Supplementary table 5).°> However, further technological
developments are needed to reduce catheter size, increase
pull-back speed and the acquisition imaging rate before
FLIm-IVUS has applications in the clinical arena.

Discussion-conclusion

Figure 4 provides a schematic representation of the
existing evidence in evaluating plaque characteristics; it is
apparent that the invasive imaging techniques have
complementary strengths and that different modalities
should be considered for the evaluation of different
plaque features. The limited presence of hybrid imaging
in this figure is mainly due to the fact that the emerging/
hybrid imaging techniques have not yet been tested in
detail against histology—thus further research is needed

to examine their potential added value over standalone
intravascular imaging.

Interestingly, the same trend is noted in both IVUS and
OCT validation studies: the promising results and the
enthusiasm coming from the first small scale studies in
detecting plaque features in cadaveric human coronary
arteries are attenuated by larger, more detailed, prospec-
tive and rigorous histology studies, which demonstrate
deficiencies of the two modalities. In NIRS the discrepan-
cies between the first and more recent histology studies are
more likely to be attributed to the different objectives of
these analyses. The study of Gardner et al focused on the
detection of large lipid cores, which apparently can be
accurately detected by the modality while the study of Puri
et al and Inaba et al that analyzed the same dataset focused
on the efficacy of the technology in detecting specific
plaque phenotypes.**%%

Histopathological studies can be challenging due to the
tissue shrinkage, histology artifacts, movement of tissue
between imaging and sectioning and the different types
of flushing and fixation protocols used. Differences in the
histology study design and sample size (ie, prospective,
adequately powered with pre-specified endpoints studies
versus retrospective analysis of existing acquired data), in
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Table 1. Advantages and limifations of the existing and emerging/hybrid infravascular imaging modadlities in assessing plaque characteristics

Lumen Plaque Detection of Detection of  Cap thickness = Detection of Detection of Detection of
dimensions | burden lipid tissue calcific tissue assessment inflammation neovessels cholesterol crystals
vus VY VY v VY X X X X
RE-IVUS VY VY v VY X X X X
ocrt VY vV 4 4 Vv v v
NIRS-IVUS VY VY VY VY X X X X
IVUS-0CT VY VY VY VY a4 v v
NIRF-OCT VY vV vV vV vV v v
IVUS-NIRF VY VY v VY X v v
IVPA-IVUS VY VY v VY X X X
FLIm-IVUS VY VY v VY vV X X
FLIm-OCT VY vV v Vv vV v v

v/, excellent ability of the modality to defect the specific feature; v'v/, moderate ability of the modality to detect the specific feature; v, weak ability of the modality to detect

the specific feature; [, the modality is unable to defect the specific feature.

Green colored v indicates that there is human histology data to support the efficacy of the modality in detecting the specific feature.
Pink colored v indicates that there is limited or no human histology data to support the efficacy of the modality in detecting the specific feature.

the selection of the data for comparison (ie, analysis of
the entire dataset versus random selection of histological
cross-sections versus selection of sections portraying
atherosclerotic plaques), in the analysis of the selected
data (ie, analysis of ROIs in a cross-section versus Cross-
sectional analysis versus lesion level analysis), in the
objectives of the study (ie, evaluation of the performance
of the modality in assessing plaque composition versus
plaque phenotype) and the inter- and intra-observer
variability of the clinicians and the histopathologists who
performed the analyses may have an impact on the
reported results.”®%’

Therefore, there is an unmet need to standardize the
histological validation protocols and more importantly to
define the pragmatic objectives of intravascular imaging in
assessing plaque histopathology. NIRS, IVPA and FLIm can
assess the biochemical composition of the plaque while
IVPA and NIRF can evaluate plaque biology (Table 1). The
combination of several intravascular imaging modalities in
a single catheter has proven feasible'”’; however, despite
the multitude of invasive imaging techniques available, a
catheter that will be able to accurately visualize all plaque
characteristics associated with plaque vulnerability (e,
lumen and plaque dimensions, necrotic core burden and
lipid composition, fibrous cap composition and thickness,
neovessels, cholesterol crystals, and micro-calcifications) is
unlikely to be designed in the near future. In depth
understanding of atherosclerotic evolution will allow the
design and histological validation of multimodality imaging
catheters that will focus on the detection of certain
morphological and biological features that are predictors
of vulnerable plaques.

The ultimate objective of intravascular imaging should
not be a flawless and complete assessment of the
atheroma but accurate prediction of the lesions that
will progress and cause cardiovascular events. Histology

can be used to refine and improve intravascular imaging
but the absolute validation of the emerging/hybrid
modalities will be prospective studies of coronary
atherosclerosis validating its efficacy in detecting vulner-
able plaques.

Appendix A. Supplementary data

Supplementary data to this article can be found online
at https://doi.org/10.1016/j.ahj.2019.07.008.
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