Emmanouil S. Brilakis, Subhash Banerjee, Zhihua He,
Stephen T. Sum, Sean Madden, and James Muller

Near-infrared spectroscopy (NIRS) is a novel
coronary imaging technology that analyzes the light
reflected in a range of wavelengths to determine
the chemical composition of tissue, including lipids
such as cholesterol and cholesteryl esters. This
chapter presents the basic principles of NIRS,
describes the equipment and interpretation of NIRS
findings, presents the studies that validated the abil-
ity of NIRS to detect lipid core plaques (LCPs), and
discusses its clinical and research applications.

Principles of Diffuse
Reflectance NIRS

In diffuse reflectance NIRS, light from the near-
infrared region of the electromagnetic spectrum
(approximately 800-2,500 nm) is directed to a sam-
ple and the diffusely reflected light is collected.
The proportion of light returned from the sample
is dependent on wavelength and is dependent
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on loss of light in the tissue due to scattering and
absorption. Scattering occurs when light is ran-
domly reflected by cellular and extracellular
structures in the sample, while absorption results
from the transformation of light into molecular
energy primarily in the form of molecular vibra-
tions of atoms about their chemical bonds.

NIRS allows direct and rapid measurements for
qualitative and quantitative compositional analysis
in an array of applications with little to no sample
preparation. As a result, NIRS has been widely
adopted in many different areas including agricul-
ture, food, petroleum, astronomy, pharmaceuticals,
and medicine [1, 2].

Interpretation of the NIRS spectra of complex,
multi-constituent samples is difficult and requires
multivariate methods of analysis. This is accom-
plished by mathematical modeling using calibration
samples whose chemical and physical properties
span the expected range of future samples.
Reference values for the target components in these
samples are obtained by an independent method
(e.g., histology). Models constructed from the
calibration samples compare the measured NIRS
signals with the reference values, allowing quali-
tative or quantitative determination of unknown
samples based on their NIRS spectra [3].

Validation of LCP Detection by NIRS
Early studies demonstrated that NIRS can detect
cholesterol and collagen in rabbit and human aortic

tissue and in human carotid and coronary tissue
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ex vivo [4-6]. Subsequently, NIRS intravascular
diagnostic systems were developed to detect
lipid-rich plaque through blood [7-10].

The detection of LCP by NIRS was validated
in a large study of human coronary autopsy spec-
imens [11]. Arterial segments were first scanned
during pulsatile coronary artery perfusion using
blood and then cut into 2-mm thick cross-
sectional blocks for histopathological analysis.
A total of 84 autopsy hearts and 216 segments
were used to build and validate an algorithm
capable of automatically recognizing the NIRS
spectral signals associated with LCP. For the pur-
pose of this study, LCP was defined as a fibroath-
eroma containing a necrotic core at least 200 pm
thick with a circumferential span of at least 60° on
cross-section. The primary endpoint of the algo-
rithm validation was the accuracy of detecting
LCP meeting this definition. The algorithm was
prospectively validated for detection of LCP in
nearly 2,000 individual blocks from 51 hearts
achieving an area under the receiver operating
characteristic (ROC) curve (AUC) of 0.80 for
lumen diameters of up to 3.0 mm.

A concurrent in vivo study called
SPECTroscopic Assessment of Coronary Lipid
(SPECTACL) showed prospectively that the spec-
tral features of coronary arteries in patients were
similar to those obtained from autopsy specimens
[12]. The spectral similarity between NIRS mea-
surements collected in vivo and ex vivo demon-
strated the applicability of the autopsy tissue-based
LCP detection algorithm to patients.

Design of the Near-Infrared:
Intravascular Ultrasound
Combination System

and Interpretation of its Findings

Currently coronary NIRS is available as a com-
bined NIRS and intravascular ultrasound (IVUS)
system (TVC Imaging System, InfraReDx, Inc.,
Burlington, MA) [13]. The system consists of a
console, a pullback and rotation device (PBR),
and an intravascular catheter [14] (Fig. 10.1). The
system console contains a near-infrared scanning
laser, computer, power system, and two monitors.
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a

Fig. 10.1 TVC imaging system, which is a combination
NIRS and IVUS system. (a) The console includes two
touch-screen monitors displaying the NIRS chemogram and
IVUS images (transverse and longitudinal). (b) The catheter
contains fiber optics and mirrors for near-infrared light, as
well as a coax cable and a transducer for ultrasound

The PBR houses the electronic, optical and
mechanical components for delivering and
detecting ultrasound and near-infrared light sig-
nals, and for translating and rotating the imaging
core of the catheter. The catheter is 3.2-Fr, rapid
exchange catheter consisting of a tip with a
40 MHz ultrasound transducer and two mirrors, a
core with two optical fibers and a coax cable
inside a drive cable. The delivery and collection
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Fig.10.2 NIRS pullback and selected histologic findings
from a human coronary artery segment. (a) Chemogram
image indicating LCP content by NIRS (x-axis=pullback
distance in mm, y-axis=rotation angle in degrees). Pixel
colors range from red for low probability to yellow for high
probability of LCP. The contiguous black region is the
guide wire. (b) Block chemogram image indicating sum-
mary metric of the presence of LCP at 2-mm intervals in

fibers in the core are terminated by mirrors
embedded in the tip for sending incident light
through blood onto the artery wall and collecting
the diffusely reflected light. The coax cable trans-
mits and receives the electrical signal to and from
the ultrasound transducer. The catheter imaging
core rotates at 960 rpm with automated pullback
at a rate of 0.5 mm/s, interrogating tissue in a
helical pattern.

In the NIRS modality, the resulting spectra are
processed and interpreted by the LCP detection
algorithm to generate a longitudinal image (called
a chemogram) of the scanned artery segment
(Fig. 10.2). Each spectral measurement is assigned
a probability of LCP by the detection algorithm
and displayed in a false color map (Fig. 10.3) with
colors ranging from red (low probability of LCP)
to yellow (high probability of LCP). From the che-

4mm

four probability categories. (¢) Diagram demonstrating the
presence of LCP by histologic evaluation. (d) Movat cross-
sections from locations along the artery indicated by dotted
boxes in the chemogram. Image interpretation: The chemo-
gram shows large LCP signals from 36 to 42 mm. The
block chemogram indicates that there is the region of the
strongest signal. Histology (panel ¢ and d) confirms the
presence of fibroatheroma at this location

mogram, a summary metric of the probability that
an LCP is present in a 2-mm interval of the pull-
back is computed and displayed in a supplemen-
tary false color map called a block chemogram
(Fig. 10.2b). Blocks correspond to one of four dis-
crete categories, each represented by a distinct
color (red, orange, tan, and yellow, in increasing
order of LCP probability).

An additional metric, the lipid core burden
index (LCBI), is used to quantify the amount of
LCP in a scanned artery segment. The LCBI is
defined as the fraction of yellow pixels in the
chemogram multiplied by 1,000 (0-1,000
scale). Figure 10.3 illustrates the computation
of the LCBI.

The transverse IVUS image is overlaid with a
chemogram ring taken from the corresponding
longitudinal location in the chemogram, and the
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Fig. 10.3 Tllustration of the lipid core burden index
(LCBI). The LCBI (top right) shows the proportion of
lipid in a scanned artery on a 0—1,000 scale. The LCBI is
calculated as the fraction of valid pixels in the chemogram

block chemogram color is displayed in the cath-
eter artifact. In addition, the longitudinal IVUS
image is aligned with the chemogram and block
chemogram.

Research and Clinical Utility
of the NIRS and IVUS Catheter

In April 2008, the US Food and Drug Admini-
stration (FDA) cleared coronary NIRS for clini-
cal use in the USA [15]. The clearance was based
on the autopsy validation data [11] and the dem-
onstration of similarity between clinical and
autopsy spectra [12]. NIRS was approved for the
detection of lipid core containing plaques of
interest and the assessment of lipid core burden
in coronary arteries. In June 2010 the FDA
approved the combination NIRS-IVUS catheter.
Potential clinical applications of NIRS include:
(1) improving the safety of percutaneous coronary
interventions (PCIs), (2) identifying coronary
lesions at risk for causing subsequent clinical
events and selecting an optimal medical manage-

)

Pullback Distance (mm)

that are yellow, multiplied by a factor of 1,000. Yellow
pixels are those whose values (probability of LCP) exceed
a specified threshold, as indicated by the horizontal plane
in the bottom panel

ment, and (3) evaluating novel anti-atherosclerotic
therapies. All these applications are currently
undergoing extensive clinical evaluation.

PCl Outcome Optimization

In spite of the rapid evolution of PCI techniques,
complications such as peri-procedural myocardial
infarction (MI) [16] distal embolization and acute
stent thrombosis [17] continue to occur. NIRS
imaging can improve the safety of PCI by enabling
rapid, easy, and accurate prediction of the risk of
peri-procedural complications, such as no-reflow
and peri-procedural acute myocardial infarction
and, as a result, providing guidance for the use of
clinical measures to prevent such complications.

NIRS for Predicting Peri-procedural
Myocardial Infarction

PCI of a large LCP, as detected by NIRS, has been
associated with high risk for distal embolization,
no-reflow, and post-PCI myocardial infarction
[18-23]. Four published case reports and two case
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Table 10.1 Published studies evaluating the association between NIRS findings and post-percutaneous coronary

intervention myocardial infarction and no-reflow

Author Near-infrared spectroscopy Outcomes
Year n finding
Case reports
Goldstein et al. [18] 2009 4 Large LCP by NIRS was No-reflow occurred in two
found in 3 cases cases—one case was an autopsy
case in which thrombus was
formed at LCP site
Saeed et al. [19] 2010 1 Large circumferential LCP Slow flow post-LAD stenting
Schultz et al. [20] 2010 1 Large, near-circumferential Transient chest discomfort
LCP post-stenting and post-PCI MI
Fernandez-Friera 2010 1 Large circumferential LCP PCI complicated by transient
et al. [23] no-reflow and a periprocedural
MI (peak troponin, 8.1 ng/mL)
Case series Year n Large LCP definition Post PCI MI definition
Raghunathan 2011 30 Two or more yellow blocks Several thresholds were used
etal. [21] on block chemogram (CK-MB increase >1x, 2x, and
3x ULN)
Goldstein et al. [22] 2011 62 maxLCBI4 mm >500 CK-MB or troponin increase
>3x ULN

LCP lipid core plaque, NIRS near-infrared spectroscopy, LAD left anterior descending artery, PCI percutaneous coronary
intervention, MI myocardial infarction, LCBI lipid core burden index, CK-MB creatine kinase MB fraction, ULN upper

limit of normal

series have described an association of large LCP
by NIRS with no-reflow and with post-PCI myo-
cardial infarction (MI) (Table 10.1). Goldstein
et al. [18], Saeed et al. [19], and Fernandez-Friera
et al. [23] presented case reports of no-reflow,
whereas Schultz et al. [20] presented a case of
transient chest pain and post-PCI MI after stenting
of lesions containing large LCPs.

Raghunathan et al. evaluated the association
between the presence and extent of coronary LCPs
detected by NIRS performed prior to PCI with
post-procedural myocardial infarction [21] using
various LCP and MI definitions. Compared to
patients who did not have post-PCI MI, those who
experienced post-PCI MI had similar clinical char-
acteristics but received more stents and had more
yellow blocks within the stented lesion. CK-MB
level elevation >3x the upper limit of normal was
observed in 27 % of patients with two or more yel-
low block vs. in none of the patients with 0-1 yel-
low blocks within the stented lesion (p=0.02).

Goldstein et al. studied 62 patients undergoing
PCI from the COLOR registry [22]. The extent of
LCP in the treatment zone was calculated as the
maximal LCBI measured by NIRS for each of the

4-mm longitudinal segments in the treatment
zone. Peri-procedural MI occurred in nine
patients (14.5 %). Seven of 14 patients (50 %)
with a maxLCBI4mm of >500 had post-PCI MI
compared to 2 of 48 patients (4.2 %) with maxL-
CBI4mm <500 (p=0.0002).

Several other studies using various intracoro-
nary imaging modalities have demonstrated that
the presence of LCP (thin-cap fibroatheroma, as
assessed by OCT [24], necrotic core, as assessed
by IVUS-VH [25], and attenuated plaque [26], as
assessed by IVUS) are associated with higher
incidence of no-reflow and post-PCI ML
Therefore, LCP-containing lesions are at
increased risk for causing complications and
could form the target for preventive and thera-
peutic interventions. Although patients with
acute coronary syndromes are more likely to
have LCPs, approximately half of patients with
stable angina also had LCPs [27] within their cul-
prit lesions, suggesting that some stable angina
patients may also be at increased risk for post-
PCI complications.

Whether NIRS can help identify saphenous
vein graft (SVG) lesions at high risk of distal
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embolization is under investigation; however,
Wood et al. recently demonstrated that ostial
SVG lesions were less likely to have LCPs, as
detected by NIRS, compared to body lesions
[28]. This lower frequency of LCP in the ostial
and anastomotic lesions might explain the
lower likelihood of post-PCI myocardial infarc-
tion in these lesions compared to SVG body
lesions [29, 30].

NIRS-Based Insights into

the Mechanism of Peri-procedural
Myocardial Infarction

Whether distal embolization, thrombosis, or side-
branch occlusion is the main cause of post-PCI
MI remains under evaluation. Selvanaygam et al.
described two patterns of myocardial injury post-
PCI: one adjacent to the area of stent, presumably
due to epicardial side branch occlusion and one
involving the distal myocardial segment supplied
by the target coronary artery, likely due to distal
embolization [31].

Two pilot NIRS-based studies have provided
insights on the mechanism of post-PCI MI. In the
first study, an embolic protection device (EPD)
was used in nine patients with large LCPs under-
going PCI [32] (Fig. 10.4). EPD use resulted in
capture of embolized material in eight of the nine
lesions: the captured material mainly consisted of
fibrin and platelet aggregates, suggesting that a
major mechanism of peri-stenting infarction
might be distal embolization of thrombi associ-
ated with exposure of blood to LCP in the lesion.
Post-PCI MI occurred in two patients (22 %), in
one of whom two filters were required because of
significant debris distal embolization causing
“clogging” of the filter. The role of distal emboli-
zation in post-PCI MI is further supported by sev-
eral studies showing a significant decrease in
LCBI post-stenting [32, 33].

Papayannis et al. extended the above observa-
tion by describing that stenting of large LCPs
(defined as at least three 2-mm yellow blocks on
the NIRS block chemogram with >200° angular
extent) was more likely to lead to in-stent throm-
bus formation (as detected by optical coherence
tomography) compared to stenting coronary
lesions without large LCP [34]. Two of three

E.S. Brilakis et al.

patients with a large LCP (67 %) developed intra-
stent thrombus post-stent implantation (Fig. 10.5)
compared to none of six patients without large
LCPs (0 %, p=0.02). This may be due to the high
thrombogenicity of the lipid core with direct acti-
vation of platelets by the oxidized lipids, but also
to the high content of active tissue factor in the
lipid core, that can trigger the extrinsic clotting
cascade [35]. As noted above, it is possible that
the thrombus formed within the stent subse-
quently embolizes and EPD use may prevent
embolization not only of the LCP but also of the
platelet or fibrin thrombus. Interestingly, similar
observations were made in an intravascular imag-
ing study that used optical coherence tomogra-
phy: Porto et al. analyzed 50 patients undergoing
PCI and found three predictors or post-PCI MI:
thin-cap fibroatheroma (OR 29.7, 95 % CI 1.4—
32.1), intrastent thrombus (OR 5.5, 95 % CI 1.2—
24.9), and intrastent dissection (OR 5.3, 95 % CI
1.2-24.3) [24].

Given the above observations, although the
optimal strategy for preventing post-PCI MI in
high-risk lesions remains to be determined, it is
likely that a combination strategy of an EPD and
aggressive  antiplatelet/anticoagulant therapy
may be needed to prevent both distal emboliza-
tion and the accelerated formation of intrastent
thrombus that could subsequently embolize.

Several ongoing studies are evaluating the
mechanism of post-PCI MI and potential preven-
tive strategies. The Lipid Core Shift Study
(NCT00905671) is examining whether PCI of
large LCP lesions may cause plaque shift and
side branch occlusion. The CANARY (Coronary
Assessment by Near-infrared of Atherosclerotic
Rupture-prone Yellow, NCT01268319) trial is a
prospective randomized-controlled trial that is
randomizing patients with large LCPs in native
coronary arteries undergoing clinically indicated
PCI to use a Filterwire (Boston Scientific, Natick,
MA) or standard of care without EPD. The use of
EPDs is currently only approved in the USA for
SVG lesions [36].

NIRS and Stent Length Selection
Stenting from “normal” proximal to “normal”
distal reference segment is usually performed
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W Pre-stent Angiogram

Fig. 10.4 Example of distal embolization and thrombus
formation in a patient undergoing percutaneous coronary
intervention. Coronary angiography demonstrating diffuse
right coronary artery obstructive disease (panel a) with large
lipid core plaque (LCP) by near-infrared spectroscopy

when drug-eluting stents (DES) are used for PCI.
However, occasionally these angiographically
“normal” sites may contain LCP that does not
narrow the lumen due to positive remodeling.

Pre-stent NIRS

Post-stent NIRS
2

(panel b). Stenting of the right coronary artery was per-
formed using a filter for embolic protection. Fibrin and plate-
let aggregates (panel ¢) were retrieved in the filter (panel d)
post-PCI. An excellent angiographic result as obtained
(panel e) along with reduction of the LCP size (panel f)

Dixon et al. analyzed 50 LCP-containing lesions
and found that in eight of those lesions (16 %)
LCP extended beyond the angiographic margins
of the lesion [37].
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Angiogram (baseline)

NIRS (baseling)

Fig. 10.5 Example of in-stent thrombus formation post-
stenting of a large LCP. A patient underwent stenting of a
lesion in the mid left anterior descending artery that con-
tained a small LCP (panel b) with an excellent angio-
graphic result (panel ¢) and no in-stent thrombus formation

Disruption or incomplete coverage of such
lesions might result in stent thrombosis or
restenosis [38, 39]. Sakhuja et al. reported acute
stent thrombosis in a patient who underwent right
coronary stenting, in whom a large LCP extended
proximal to the proximal stent edge [39]. Use of
coronary NIRS could, therefore, aid selection of
the appropriate length of artery to stent based on
the length of the lesion as determined by angiog-
raphy and NIR and the presence or absence of
adjacent LCP.

Identification of High-Risk
Coronary Lesions and Optimization
of Medical Management

The identification of non-obstructive coronary
lesions that are at high risk for causing subse-
quent adverse clinical events and demonstrating
that early treatment improves clinical outcomes
remains an important goal of plaque imaging
[40—42]. The only group of intermediate lesions
in which prophylactic stenting has been shown to
be beneficial is SVG lesions. In the VELETI
(Moderate VEin Graft LEsion Stenting With the
Taxus Stent and IVUS) trial prophylactic stenting

Angiogram (post-stent) OCT (post-stent)

# LR

(panel d). Another patient underwent stenting of a circum-
flex lesion (panel e) that contained a large LCP (panel f),
and although a good angiographic result was achieved
(panel @) intrastent thrombus formed post-deployment
(panel h)

of intermediate SVG lesions with a paclitaxel-
eluting stent improved outcomes compared to
medical therapy alone [43].

The largest natural history study of non-
obstructive native coronary artery lesions is the
Providing Regional Observations to Study
Predictors of Events in the Coronary Tree
(PROSPECT) study [36]. PROSPECT followed
697 patients with acute coronary syndromes who
underwent three-vessel coronary angiography
and gray-scale and radiofrequency intravascular
ultrasonographic imaging after PCI of the culprit
lesion [44]. After a median follow-up time of
3.4 years, the rate of major adverse cardiovascu-
lar events due to initially untreated lesions was
11.6 %. Most of those lesions were either thin-
cap fibroatheromas, as determined by virtual his-
tology IVUS (VH-IVUS) or were characterized
by a large plaque burden, a small luminal area, or
some combination of these characteristics, as
determined by gray-scale and radiofrequency
intravascular ultrasonography [44]. Only 17.2 %
of the highest risk lesions caused symptoms dur-
ing follow-up, making preemptive lesion treat-
ment impractical.

Although theoretically attractive, whether
NIRS-based LCP detection may provide better
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prediction of future cardiovascular events com-
pared to gray-scale and radiofrequency IVUS
remains to be determined [45]. Brugaletta et al.
demonstrated that the presence and extent of
necrotic core by NIRS has only a weak associa-
tion with percent necrotic core, as detected by
radiofrequency IVUS [46]. Pu et al. demon-
strated a weak positive relationship between
radiofrequency ultrasound detected percent
necrotic core and NIRS-derived LCBI in selected
sets of very large non-calcified plaques, but not
in calcified plaques [26]. In early analyses from
the COLOR registry moderate lesions without
LCP were unlikely to progress. NIRS may pro-
vide prognostic information that is not provided
by traditional cardiovascular risk score systems:
no correlation was found between the
Framingham risk score and LCBI of a non-
culprit coronary vessel among 208 patients
undergoing PCI [47]. Similarly, no correlation
was found between LCBI and creatinine clear-
ance [48] and with the SYNTAX score [49].

Apart from mechanical treatments, patients
with extensive LCPs might benefit from aggres-
sive pharmacologic therapies, such an intensive
antithrombotic regimen, aggressive low-density
lipoprotein cholesterol lowering, high-density
lipoprotein infusion, low-density lipoprotein
apheresis, or with medications such as niacin,
fibrates, or in the future with novel compounds
that are currently under clinical trial evaluation
[50]. The NIRS-IVUS coronary imaging could
also serve as a marker of high coronary risk that
could motivate patients to comply with the pre-
scribed medical treatments and to adopt benefi-
cial lifestyle changes.

Evaluation of Novel Anti-
atherosclerotic Treatments

Most past and ongoing studies utilizing intracor-
onary imaging to assess changes in the coronary
artery as a result of various treatments have used
as primary endpoint the change in volume of a
mildly or moderately diseased segment of the
coronary artery wall (usually measured by IVUS

as percent or total atheroma volume) [51].
However, many anti-atherosclerotic therapies,
especially those that target serum lipoproteins,
would be more likely to affect LCP—rather than
non-LCP-containing lesions. Hence, use of NIRS
would be expected to provide a more sensitive
endpoint in plaque regression studies. Use of
NIRS in longitudinal studies is feasible given its
excellent intra- and inter-catheter reproducibility
[33, 52].

To date, only one study has utilized NIRS to
longitudinally assess coronary lesions, the
Reduction in YELlow Plaque by Aggressive
Lipid-LOWering Therapy (YELLOW) Trial (pre-
sented at the 2012 American College of
Cardiology annual scientific sessions in Chicago,
Illinois). The YELLOW trial randomized 87
patients with multivessel coronary artery disease
who were scheduled to undergo staged PCIL.
During the initial catheterization, all patients
underwent FFR, IVUS, and NIRS of the nontar-
get lesion and if the lesion was hemodynamically
significant (as assessed by fractional flow reserve)
they were randomized to standard of care vs.
rosuvastatin 40 mg daily for 6-8 weeks. They
then underwent repeat coronary angiography and
imaging of the nontarget lesion. In spite of the
limited duration of treatment, a significant reduc-
tion in the lesion LCBI was observed (Fig. 10.6).

The Atherosclerosis Lesion Progression
Intervention using Niacin Extended Release in
Saphenous Vein Grafts (ALPINE-SVG) Pilot Trial
is using imaging with IVUS, NIRS-IVUS, and
optical coherence tomography to assess the impact
of extended-release niacin in intermediate SVG
lesions treated for 12 months (NCT01221402).
Similarly, the Prasugrel for Prevention of Early
Saphenous Vein Graft Thrombosis study
(NCTO01560780) is assessing the effect of prasug-
rel within the first year after coronary bypass graft
surgery in SVGs using imaging with IVUS, NIRS-
IVUS, and optical coherence tomography. Several
other prospective coronary atherosclerosis studies
are currently utilizing coronary NIRS as an end-
point, such as the AtheroREMO and the IBIS-3
trial. Finally, COLOR (Chemometric Observations
of Lipid Core Containing Plaques of Interest in
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Plaque Area

Follow-up

Fig. 10.6 Example of LCP regression after 2 months of
intensive lipid-lowering therapy (rosuvastatin 40 mg
daily) from a patient participating in the YELLOW trial

Native Coronary Arteries, NCT00831116) is an
ongoing observational registry of coronary NIRS
use in the USA that is providing valuable insights
on the clinical use and utility of NIRS [22]. Over
1,100 patients are currently under observation in
COLOR.

In summary, coronary NIRS is novel imaging
modality for the in vivo detection of LCPs. It has
undergone extensive development and validation
and is currently being utilized to assist with clini-
cal decision making in the cardiac catheterization
laboratory and with evaluation of novel anti-
atherosclerotic treatments.

Conflicts of interest: Z.H., S.T.S., S.PM., and J.E.M. are
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