Near-Infrared Spectroscopy

Byoung-joo Choi

Nowadays, various newly developed intracoro-
nary imaging techniques have provided unique
information on the coronary plaque and are
widely used either for clinical decision-making
or for research purposes (Table 9.1). However,
there is still unmet need for the characterization
of atheromatous plaque, especially for in vivo
measurement of lipid burden within coronary

artery wall. Near-infrared spectroscopy (NIRS)
uses properties of the light reflection and absorp-
tion in each specific chemical component and
provides us information on the presence of lipid
core plaque in the coronary artery wall. This
chapter will review the basic mechanism, valida-
tion, and techniques of NIRS followed by the
results of early clinical studies.

Table 9.1 Comparison of different intravascular imaging modalities

Imaging Cap Lipid

modality Resolution | thickness |core |Calcium |Thrombus | Macrophage |Neovascularization
IVUS 100 pm + + ++ + - -

OCT 10 pm +++ ++ ++ ++ + ++

VH 100 pm + + ++ + - -

NIRS - + +++ |- - - -

Angioscopy — + + - +++ — -

IVUS intravascular ultrasound, OCT optical coherence tomography, VH virtual histology, NIRS near-infrared
spectroscopy
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9.1 Basic Mechanism

Spectroscopy 1is well established and widely
accepted method to identify unknown chemicals in a
variety of industries and scientific studies. Basically,
spectroscopy employs the mechanism that light
reflection (scattering) and absorption vary at differ-
ent wavelengths according to each chemical compo-
nent or substance [1, 2]. Organic component in the

Fig. 9.1 Representative case of near-infrared spectros-
copy (NIRS) in patient with acute coronary syndrome.
The coronary angiogram shows significant stenosis at the
proximal segment of the left anterior descending artery
(white arrow) (a). NIRS shows large lipid burden within
coronary artery wall (b). The cross-sectional image of

atheromatous plaque (collagen, cholesterol, etc.),
when near-infrared (wavelength 780-2500 nm) light
is shed on them, provides unique spectral signature
(there are particular and specific peaks and trough
patterns according to each chemical substances)
that can be used as “chemical thumbprint” [3]. All
these information are integrated with grayscale
intravascular ultrasound (IVUS) images and dis-
played into a single picture (Fig. 9.1).

NIRS clearly reveals lipid accumulation is present from 7
o’clock to 10 o’clock (white arrow), while concomitant
intravascular ultrasound (IVUS) image demonstrates the
presence of plaque rupture (black arrow) at the same loca-
tion. In this case the identification of lipid by IVUS image
is not feasible
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9.2 Validation

NIRS system was rigorously validated with 84
human autopsy hearts in a prospective and
double-blind manner to assess the accuracy in
detecting the lipid core plaque (LCP) [4]. In order
to develop quantitative index for the validation,
an LCP of interest was defined as a lipid core
>60" in circumferential extent, >200 pm thick-
ness, and with a mean fibrous cap thickness
<450 pm. The algorithm of NIRS system pro-
spectively identified LCP with a receiver-operator
characteristic area of 0.80 (95% confidence inter-
val [CI]: 0.76-0.85). The lipid core burden index
detected the presence or absence of any fibroath-
eroma with an area under the curve of 0.86 (95%
CI: 0.81-0.91). This study successfully demon-
strated good agreement between NIRS system
and histopathology in coronary autopsy speci-
mens. Clinical verification of NIRS system was

Fig. 9.2 Near-infrared (NIR) spectroscopy system
(TVC®, InfraReDx, Burlington, MA, USA). The system
consists of a console (a), a mechanical rotation pullback
device (b), and a 3.2F imaging catheter (c). The dispos-
able imaging catheter uses traditional 0.014-in. monorail

performed by SPECTACL (Spectroscopic
Assessment of Coronary Lipid) study. This study
showed that spectral data obtained from patients
by NIRS system were similar with those from
autopsy specimens [5]. Furthermore, high repro-
ducibility of NIRS system for the detection of
LCP was demonstrated by Garcia et al. [6].

9.3 NIRS System

and Measurement

NIRS system (TVC®, InfraReDx, Burlington,
MA, USA) consists of 3.2F catheter, which uses
0.014-in. coronary guidewire system and pull-
back devices (Fig. 9.2). Mechanical pullback and
rotation are performed at a speed of 0.5 cm/s and
240 rotation/m. The NIRS system acquires
approximately 1000 NIRS measurement/12.5 cm
of artery scanned and determines the presence of

-inhared.

system and contains an optical fiber to deliver NIR light
from a console as well as intravascular ultrasound (IVUS)
imaging system. The console integrates NIR information
with IVUS image using predictive algorithm
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lipid core plaque (LCP) at each interrogated loca-
tion in the artery using a predictive algorithm.
The calculated data are displayed in a two-
dimensional map of the vessel (‘“‘chemogram”)
(Fig. 9.3a). The x-axis of the chemogram repre-
sents pullback position in millimeter scale, and
the y-axis represents circumferential position in
degrees (0-360°); a color scale from red to yel-
low indicates increasing probability that a LCP is
present.

The block chemogram is a summary mea-
surement of the probability that a LCP of 2-mm
pullback interval is analyzed and displayed in a
color map (Fig. 9.3b). The block chemogram
uses the same color scale as the chemogram, but

Fig. 9.3 An example of
chemogram and block che-
mogram. (a) The color of
chemogram from red to
yellow  indicates  the
increasing probability that
a lipid core plaque (LCP) is
present at this location. (b)
Each color of the block
chemogram is determined
by 90th percentile value of
the chemogram within a
2-mm segment. Four colors
of the block chemogram
represent chance of a LCP

Chemogram

the display is summed up to four discrete colors
to facilitate visual interpretation (red, p < 0.57;
orange, 0.57 < p < 0.84; tan, 0.84 < p < 0.98;
yellow, p > 0.98, algorithm probability that a
LCP is present in that 2-mm block). Lipid core
burden index (LCBI) is defined as the fraction
of valid pixel in the chemogram that exceed a
LCP probability of 0.6, multiplied by 1000
(Fig. 9.4). LCBI provides a summary measure-
ment of the LCP presence in the entire scanned
segment. The maxLCBI,,, is defined as the
maximum value of LCBI for any of the 4-mm
segment in the interrogated region and used as
the index representing the size of the LCP
(Fig. 9.5).

Degrees of Rotation

at this location (red,
p < 057 orange,
0.57 < p < 0.84; tan,
0.84 < p < 0.98; yellow,
p >0.98)

Block
Chemogram

Pullback length (mm)

Yellow p=0.98
Tan 0.84<p<0.98
Orange  0.57<p<0.84
Red p<0.57
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Fig. 9.4 Lipid core
burden index (LCBI).
LCBI is defined as
cholesterol-positive
signals which exceed an
LCP probability of 0.6
within the region of
interest divided by total
valid signals multiplied
by 1000 (%o)

Chemogram

Region of Interest (ROI)

Lipid core burden index (LCBI) =

Cholesterol signal pixel (p>0.6)

within ROI
x1000

Total valid signal pixel
within ROI

Pullback length (mm)

Chemogram

Pullback length (mm)

Fig.9.5 maxLCBI4mm. maxLCBI4mm is defined as the
maximum value of lipid core burden index for any of the
4-mm segment. It represents the angular size of the LCP

9.4 Clinical Studies

9.4.1 Prediction of Periprocedural
Mmi

NIRS is able to identify high risk of periprocedural
myocardial infarction (MI). Goldstein JA et al.
observed 62 patients with stable cardiac biomarker
who underwent coronary stenting [7].
Periprocedural MI was observed in 50% of patients
with a maxLCBI4mm > 500. On the other hand,
periprocedural MI occurred only in 4.2% of
patients with maxLCBI4mm < 500 (p = 0.0002).
Quantification of LCP measured as maxL-
CBI4mm > 500 was associated with increased
risk of periprocedural MI, which is completely in
accordance with traditional studies with IVUS or
virtual histology (Fig. 9.6). The CANARY
(Coronary Assessment by NIR of Atherosclerotic
Rupture-Prone Yellow) study [8] enrolled 85 sta-
ble angina patients in a prospective and multi-
center manner. NIRS performed prior to PCI
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Baseline

Post-PCI

Fig. 9.6 Representative case of periprocedural myocar-
dial infarction (MI) predicted by near-infrared spectros-
copy. (a) Baseline angiogram shows discrete tight stenosis
at the middle segment of the left anterior descending
artery. (b) Baseline intravascular ultrasound (IVUS)
shows significantly narrowed lumen with 1.75 mm? of
minimal lumen area due to a large eccentric echo-
attenuated plaque. The plaque burden was 86.9%. (c) The
baseline chemogram displays “yellow” lipid-rich plaque
extending almost 330° of the vessel circumference with

showed maxLCBI4mm was significantly higher
(481.5 vs. 371.5, p = 0.05). However, among the
randomized lesions with maxLCBI4mm >600,
there was no difference of periprocedural MI with
vs. without the use of distal protection filter (35.7%
vs. 23.5%, respectively; relative risk, 1.52; 95%
confidence interval: 0.50-4.60, p = 0.69). It is
unclear whether this result is due to the limitation
of NIRS predicting periprocedural MI or that of
distal protection device preventing periprocedural
MLI. Further investigations will be needed to clarify
this issue.

9.4.2 PCl Guidance

Visual assessment of coronary angiogram is
commonly used to determine stent length.

IRERETEXRRERRRNRT
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‘

maxLCBI4mm 906 (between blue lines), which highly
suggests the development of periprocedural MI or no-
reflow phenomenon. (d) Post-PCI angiogram shows no-
reflow phenomenon. Cardiac biomarkers taken after the
procedure were significantly elevated. (e) Post-PCI IVUS
shows multiple stent struts well expanded and opposed to
the vessel wall. Final minimal stent area is 5.8 mm?. (f)
The post-PCI chemogram displays significantly reduced
and partly relocated lipid core area (yellow) after stenting.
The maxLCBI4mm is 295 (between blue lines)

However, in terms of full lesion coverage, it is
frequently inaccurate. IVUS can provide us more
precise information than angiogram on lesion
length by showing intravascular plaque morphol-
ogy. Further, NIRS system substantiates another
potential that it can give us additional informa-
tion by showing the extent of lipid within coro-
nary artery wall. Dixon et al. [9] observed that
LCP extended beyond the angiographic margin
of the lesion in 16% of PCI lesions. Whether LCP
extending beyond the stent edges produces
adverse outcome is unclear and requires further
investigation. However, it is not difficult to expect
that incomplete lesion coverage may increase the
risk of stent edge problems such as restenosis
requiring additional PCI or myocardial infarc-
tion. Strategy of PCI optimization with NIRS
currently may be implicative.
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9.4.3 Prediction of Outcome

Prospective identification of both vulnerable
plaque and patient has been an important issue.
However, only a small number of prospective
outcome studies (Table 9.2), which assessed non-
culprit lesions with intravascular imaging modal-
ities, have been available. Most of them used
IVUS or virtual histology (VH-IVUS) and have
been describing several well-established features
of vulnerable plaque (Table 9.2). Now accumu-
lating data suggest that NIRS can identify vulner-
able or rupture-prone plaque and predict outcome
of the patients. Madder et al. reported maxL-
CBI4mm was 5.8-fold higher in STEMI culprit
segments than in non-culprit segments of the
STEMI culprit vessel (median [interquartile
range (IQR)]: 523 [445-821] vs. 90 [6-265];
p < 0.001) [15]. A threshold of maxL-

CBI4mm >400 distinguished STEMI culprit
(sensitivity, 85%; specificity, 98%). Oemrawsingh
RM et al. observed non-culprit coronary arteries
in 203 patients who were referred for coronary
angiography [14]. About half (46%) of the
patients had acute coronary syndrome. A four-
fold increase in major adverse cardiac and cere-
brovascular events during 1-year follow-up was
observed in patients with LCBI above the median
(16.7% vs. 4.0% event rate [adjusted hazard ratio,
4.04; 95% confidence interval, 1.33-12.29;
p = 0.01]). Furthermore, the majority of event in
this study was unplanned revascularization,
which suggest NIRS is able to identify “active
phase” or “rapid growing” plaque as well as
rupture-prone plaque. Similarly, Madder et al.
reported that in their 121 registry patients analy-
sis maxLCBI4mm >400 in a non-stented seg-
ment at baseline is significantly associated with

Table 9.2 TImaging predictors in non-culprit lesion for clinical outcomes

Study Patients Method Outcome Results
Ohtani et al. [10] 552 pts Angioscopy 7.1% ACS events at Number of yellow
57.3 £ 22.1-month FU plaques (adjusted
HR1.23[1.03-1.45],
p=0.02)

Prospect 697 ACS pts 3-vessel 11.6% MACE (cardiac PB > 70% (HR

Stone et al. [11] VH-IVUS death, cardiac arrest, M1, 5.03[2.51-10.11],

or rehospitalization) at p <0.001),

3.4-year FU MLA < 4.0 mm?
(HR3.21[1.61-6.42],
p=0.001), VH-TCFA
(HR3.35[1.77-6.36],
p <0.001)

Calvert et al. [12] 931 non-culprit 3-vessel 1.4% MACE (death, MI, VH-TCFA (HR7.53,
lesions in 170 VH-IVUS or unplanned p =0.038) and PB > 70%
pts (41% ACS) revascularization) at (HR 8.13, p =0.011)

625-day FU remodeling index
(HR2686 [1.94—
3.72x10], p = 0.032)
Atheroremo-IVUS 581 pts (54% VH-IVUS 7.8% MACE (mortality, VH-TCFA (adjusted
Cheng et al. [13] ACS) ACS, or unplanned HR1.98[1.09-3.60],
revascularization) at p=0.026) PB > 70%
1-year FU (adjusted HR2.90[1.15—
5.49], p =0.021)

Atheroremo-NIRS 203 pts (47% 1-vessel 13.7% MACE (all-cause LCBI > 43.0 (median)

Oemrawsingh et al. ACS) NIRS mortality, nonfatal ACS, (adjusted HR4.04[1.33—

[14] stroke, and unplanned 12.29], p =0.01)

revascularization)
atl-year FU

ACS acute coronary syndrome, F'U follow-up, HR hazard ratio, pts patients, VH-IVUS virtual histology intravascular ultra-
sound, MACE major adverse cardiac event, MI myocardial infarction, PB plaque burden, MLA minimal luminal area,
VH-TCFA virtual histology thin-capped fibroatheroma, NIRS near-infrared spectroscopy, LCBI lipid core burden index
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Baseline

1 year follow-up

Fig. 9.7 Representative case of plaque progression pre-
dicted by near-infrared spectroscopy (NIRS). (a) Baseline
angiogram shows insignificant stenosis (white arrow) at
the middle segment of the right coronary artery.
Concomitant NIRS scan displays the presence of large
lipid core in the coronary artery wall (maxLCBI4mm is
483), which highly suggest the future cardiac event. (b)
Baseline intravascular ultrasound (IVUS) shows an eccen-

adverse cardiac events during follow-up (HR
10.2, 95%CI 3.4-30.6, P < 0.001) [16]. NIRS is
able to predict outcome in patients with coronary
artery disease (Fig. 9.7).

9.4.4 Endothelial Dysfunction

Although the mechanism of exacerbating ath-
erosclerosis by endothelial dysfunction has been

tric plaque with 8.2 mm? of minimal lumen area (MLA).
The plaque burden is 58%. (c¢) The 1-year follow-up coro-
nary angiogram shows definite “progression of plaque”
with significant luminal narrowing (white arrow). (d)
Follow-up IVUS shows narrowing of MLA (2.1 mm) and
increased plaque burden (88%) compared with baseline
images

extensively investigated in vitro and animal
studies, in vivo demonstration using intravascu-
lar imaging technique such as IVUS has failed
to substantiate this association. Choi B et al.
reported that there was a significant correlation
between LCBI (r = —0.460, p = 0.008), LCBI
divided by lesion length (r = —0.453, p = 0.009),
and maxLCBI4mm (r = —0.431, p = 0.014) and
the degree of epicardial endothelial function
[17]. NIRS system was sensitive enough to
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detect the early changes of atherosclerosis
according to the degree of endothelial dysfunc-
tion, which suggest it may serve as an important
tool for assessing atherosclerosis and patho-
genic mechanism of it.

9.5 Limitation

The NIRS system only provides two-dimen-
sional information of cholesterol accumulation
and does not provide information on the depth
of the cholesterol within the coronary artery
wall. IVUS may therefore be used for additional
evaluation of plaque structure. False-positive
reading of NIRS could be caused by fibroather-
omas too small or with caps too thick to meet
criteria for the LCP of interest or by lesions con-
taining significant lipid but not having necrotic
core (intimal xanthoma and pathologic intimal
thickening).

Conclusion

The new lipid-identification methodology with
NIR spectroscopy seems to be of value to
research as well as clinical decision-making.
Initial studies successfully demonstrated its
ability and potentials. Several ongoing clinical
trials may confirm its clinical usefulness and
future applications.
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