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1 Introduction

Until recently, invasive coronary angiography has been the
gold-standard imaging modality for evaluating coronary
atherosclerosis. Angiography, however, provides information
only about the lumen but not of the artery wall itself. When
grayscale intravascular ultrasound (IVUS) was introduced in
early the 1990s,>* many cardiologists, especially interven-
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intravascular optical coherence tomography (OCT), a high-resolution
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been introduced into the clinical setting. OCT images of the micro-
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characterization, supported by histopathological comparison data.
Because of its high resolution, OCT may also be used to identify mac-
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Recently, optical coherence tomography (OCT) has been
introduced into the clinical setting as a high-resolution intra-
coronary imaging modality. OCT can provide information
about the microstructure of the coronary artery and has been
shown to be capable of detailed tissue characterization, sup-
ported by histopathological comparison data.”® As such, OCT
holds promise for providing a greater understanding of the
pathophysiology of coronary artery disease in patients.

tional cardiologists, were fascinated by this device because it
allowed the coronary plaque to be directly observed in human
patients. Because of its capability to interrogate arterial wall

structure, IVUS has been applied for the optimization of coro-

2 Plaque Rupture and ACS

nary angioplasty and has been useful for improving our un-

derstanding of the pathophysiology of coronary athero-
sclerosis.*” Even so, its resolution (~ 100 um) and limited
contrast prohibits the investigation of many important plaque
components, i.e., thin fibrous cap or lipid pool. To address this
need, alternative diagnostic modalities have been developed,
including spectral analysis of IVUS radio-frequency data (vir-
tual histology IVUS),° integrated backscatter IVUS,”™® coro-
elastography,'' near-infrared (NIR)
fluorescence  spectroscopy,” and Raman
spectroscopy.14 For tissue characterization, however, these
methods have not supplanted grayscale IVUS due to their low

. 10
nary angioscopy,’

12
spectroscopy,

spatial resolutions.

Drug-eluting stents (DESs) dramatically reduce the rate of
restenosis or target-vessel revascularization after percutaneous
coronary intervention (PCI) as compared to bare-metal stents

(BMS).'*!" According to the COURAGE trial conducted in
the DES era, however, there were no significant differences
between the PCI group and the medical therapy group in
terms of major adverse coronary events (MACE), including
endpoints of death, myocardial infarction (MI), and hospital-
ization for acute coronary syndrome (ACS) or ML'® These
data suggest that local treatment by PCI as an initial manage-
ment strategy in patients with stable coronary artery disease
does not reduce MACE, beyond that of optimal medical
therapy.I8 Thus, to improve an individual patient’s prognosis,
we should address the prevention of ACS, including myocar-
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3 Vulnerable Plaque

Due to the lack of a suitable animal model for atherosclerotic
plaque rupture, postmortem study and vascular biology have
been the main avenues for advancing our understanding of the
pathogenesis of ACS. Postmortem studies revealed that myo-
cardial infarction results from an acute process of plaque rup-
ture or erosion of modestly stenotic plaque.”’ These findings
suggest that invasive coronary angiography alone cannot be
used to predict plaque rupture, as the degree of lesion stenosis
is not necessarily predictive of plaque rupture risk. The patho-
logic characteristics of the majority of vulnerable plaques in-
clude a thin fibrous cap (>65 um), large lipid pool, and
increased macrophage activity.ZI’24 These rupture-related
macrophages are active, indicating ongoing inflammation at
the site of plaque disruption.lg'zz’24 Macrophages are capable
of degrading the extracellular matrix by phagocytosis, by se-
creting proteolytic enzymes such as plasminogen activators
and the family of matrix metalloproteinases, or by reducing
collagen synthesis and enhancing smooth muscle cell apopto-
sis that may weaken the fibrous cap, predisposing it to
rupture.lz’zé‘"26 These cellular and molecular changes appear
most prominent at the plaque shoulder, where mechanical
strain is also high.27’28 This data indicates that macrophages
are key cells that precipitate the progression and instability of
atherosclerotic coronary plaques.

4 What Is OCT?

The most common form of intracoronary OCT has been time-
domain OCT (TD-OCT).”* With TD-OCT, broadband light
is split into a reference path, which usually terminates at a
reference mirror, and a sample path that includes the coronary
catheter. Light returned from both paths is recombined, de-
tected, and digitized. When the reference and sample path
lengths are matched to within the coherence length of light,
typically approximately 10 um in air, interference with an
amplitude that is proportional to the sample’s reflectivity at a
specific spatial position is detected. By moving the reference
path length, reflectivity as a function of depth from within the
tissue is obtained by demodulating the fringe pattern as a
function of time. This depth-resolved reflectivity profile is
commonly termed an A-line. An intracoronary OCT image is
obtained by scanning the beam across the sample using a
rotational catheter, while storing A-lines at each scan location.
For intracoronary OCT, broadband light in the near-infrared
range with a wavelength centered around 1300 nm is utilized,
providing an axial resolution of ~10 um, a transverse reso-
lution of 20—40 um, and a penetration depth that ranges be-
tween 1 to 2 mm.

While TD-OCT has been successfully used in many pa-
tients for research purposes,'s’”’43 it is somewhat cumber-
some to operate in the catheterization laboratory because
blood needs to be purged from the field of view in order to
clearly visualize the coronary wall. Intermittent nonocclusive
saline purging or proximal balloon occlusion can provide un-
obstructed views of the artery;“o’42 however, these approaches
are not desirable for everyday clinical use because of safety
and diagnostic yield concerns.

The recent advent of second-generation OCT, also known
as frequency-domain OCT (FD-OCT), optical frequency-
domain imaging (OFDI),* or swept-source OCT (SS-OCT),*”

Journal of Biomedical Optics

011104-2

has solved this problem, making it far more practical to con-
duct intracoronary OCT in the clinical setting.46 With FD-
OCT, the light source is a narrowband laser that rapidly tunes
its wavelength over a broad spectral width. As opposed to
TD-OCT, the reference path length remains fixed; the inter-
ference pattern is therefore detected as function of wave-
length. Once the laser has completed a full spectral sweep, a
Fourier transform is applied to the spectral interference pat-
tern to obtain an A-line. FD-OCT is advantageous over TD-
OCT because it has a higher sensitivity and therefore is ca-
pable of providing images at a much greater rate
(100 frames/s).*’ This increased speed allows an entire artery
to be imaged by OCT during a brief, nonocclusive saline/
radiocontrast purge and rapid helical pullback of the cath-
eter’s internal optics.

5 In Vivo Imaging for Plaque Rupture

Clinical IVUS studies in patients with ACS have identified
asymptomatic disrupted plaques, remote from locations of pri-
mary stenosis.*® ! These findings support the hypothesis that
inflammation is associated with human plaque instability. Ad-
ditionally, high-sensitivity C-reactive protein (hs-CRP) has
been reported as a useful marker for predicting future cardio-
vascular events.”>> However, the significance of elevated hs-
CRP levels for coronary atherosclerosis had been unclear. An
IVUS study demonstrated the relationship between the el-
evated hs-CRP levels and the presence of plaque rupture in
patients with ACS.> Moreover, serum matrix metallo-
proteinase-9 levels, one enzyme that has been implicated in
the degradation of the cap’s extracellular matrix, are elevated
in ACS patients with IVUS evidence of plaque rupture, but
not in ACS patients without plaque rupture or patients with
stable angina.55 Even though these correlations exist, remote-
site ruptured plaques detected by IVUS have not yet been
found to be related to future events.*®

6 Criteria for Vulnerable Plaque

Detection and treatment of vulnerable plaque that is prone to
cause rupture or cardiovascular events has been proposed and
is expected to improve management of patients with ACS.”’
The following major criteria were proposed for detection of a
vulnerable plaque.”” The presence of one or a combination of
these factors may warrant higher risk of plaque complication.

1. Active inflammation. Plaques with active inflamma-
tion may be identified by extensive macrophage
accumulation.”®

2. A thin cap with a large lipid core. These plaques have
a cap thickness of <100 um and a lipid core account-
ing for >40% of the plaque’s total volume.**>

3. Endothelial denudation with superficial platelet ag-
gregation. These plaques are characterized by superfi-
cial erosion and platelet aggregation or fibrin
deposition.22’23’60

4. Fissured/injured plaque. Plaques with a fissured cap
(most of them involving a recent rupture) that did not
result in occlusive thrombi may be prone to subsequent
thrombosis, entailing occlusive thrombi or
thromboemboli.”*

5. Severe stenosis. On the surface of plaques with severe
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Fig. 1 Tissue characterization by measuring backscattering and at-
tenuation coefficients in OCT. (a) and (b) Histology: Movat’s pentach-
rome staining for a representative fibrolipid plaque (a) and a fibrocal-
cific plaque (b). An arrow shows necrotic core that contained a large
amount of form cells/macrophages. (c) and (d) Corresponding rotary
OCT image of (a) and (b). It is difficult to distinguish the three plaque
types based on OCT images alone. (e) and (f) Images combining
backscattering and attenuation measurement using the color map de-
fined in (g). Necrotic core (arrow) shows the increase in both the
backscattering and attenuation coefficients. (g) Color map for combin-
ing the backscattering and attenuation measurements. Labels C, F, and
L denote the positions of the average backscattering and attenuation
coefficients for calcific, fibrous, and lipid tissue, respectively (Ref. 65).

stenosis, shear stress imposes a significant risk of
thrombosis and sudden occlusion.”’ Therefore, a
stenotic plaque may be a vulnerable plaque regardless
of ischemia. Moreover, astenotic plaque may indicate
the presence of many nonstenotic or less stenotic
plaques that can be vulnerable to rupture and
thrombosis.*?

All of the preceding criteria except active inflammation are
architectural morphological features of ruptured plaque.
Given its 10-um resolution, OCT has the potential capability
to visualize many of these features, a notion supported in
previous histopathologic correlative studies.*! 433

7 Ex Vivo Study of Macrophage Imaging by
OCT

Although OCT can identify major morphological features of
vulnerable plaque, it has been unclear as to whether OCT has
sufficient spatial resolution to enable the identification of
macrophages in plaques. Macrophages/foam cells in athero-
sclerotic plaques are relatively large (20 to 30 wm) and may
contain multiple intracellular, lipid-rich phagolysozomes. Be-
cause of their size and the refractive index difference between
the phagolysozomes and the surrounding intraceulluar fluid,
investigators have postulated that macrophages may have a
higher OCT signal than surrounding tissue.” Schmitt et al.
stated in their paper that macrophage/form cells, which can be
either dispersed or clustered, change the optical properties of
tissue dramatically. In general, the form cells were found to
increase both the backscattering and attenuation coefficients
(Fig. 1).9

Early comparisons between OCT and histology were car-
ried out to investigate the possibility that OCT may indeed
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Fig. 2 (a) Raw OCT images of a fibroatheroma with a relatively low
number of macrophages within the fibrous cap. (b) Raw OCT images
of a fibroatheroma with a high density of macrophages within the
fibrous cap. (c) Corresponding histology for (a) (CD68 immunoper-
oxidase; original magnification X 100). (d) Corresponding histology
for (b) (CD68 immunoperoxidase; original magnification x100).
Macrophages [arrows in figure (c) and (d)] could be observed as
punctate, highly reflecting regions [arrows in (a) and (b)] in raw OCT
images (Ref. 64).

identify these cells in individual lesions and potentially even
enable the quantification of macrophage content within the
cross-sectional image.64 Below, we describe this study in de-
tail. Because the dynamic range of an OCT image is too
high(100 to 110 dB or 10 to 11 orders of magnitude) to be
displayed on a standard monitor, the signal range of most
OCT images is compressed by taking the base 10 logarithm of
the OCT image before display. To evaluate macrophage im-
aging by OCT, the capabilities of both the raw (linear) OCT
data and the logarithm of the OCT data for quantifying mac-
rophage content within fibrous caps were investigated.** To
calculate macrophage content, the OCT data within a defined
region of interest (ROI) were preprocessed using median fil-
tering to remove background noise and reduce speckle.
Within the ROI, the OCT signal was characterized by use of
the normalized standard deviation (NSD):%*

NSD=——""-—,
(Smax -5 min)

where o is the standard deviation of the OCT signal, Sy, iS
the maximum OCT image value, and S;, is the minimum
OCT image value (Fig. 2).

OCT NSD measurements were compared with histologic
quantification of macrophage density, estimated by use of im-
munohistochemical staining with CD68 (Ref. 64). A total of
26 lipid-rich plaques were processed in this manner. The cap
macrophage density was quantified morphometrically by cal-
culating the percent area of CD68 staining. Smooth muscle
cell densities were also compared to NSD using morphomet-
ric analysis of smooth muscle actin stained slides. The area
percentage of CD68 and smooth muscle actin staining was
compared to the NSD of the OCT signal intensity within cor-
responding regions of interest. The results of this analysis
showed that a homogenous OCT signal corresponded to a low
macrophage density and a heterogeneous OCT signal with
punctate, highly reflecting regions corresponded to high mac-
rophage content (Fig. 3).
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Fig. 3 Conventional OCT image and normarlized standard deviation
(NSD) image. An NSD image was computed for each pixel within the
cap and displayed by use of a color lookup table. The arrow denotes
a site of disruption within a lipid-rich plaque. The asterisk () is an
artifact by the guide wire.

The macrophage density, as determined by immunohis-
tochemistry, correlated with the base 10 logarithm OCT NSD
(r=0.47, P<0.05) and with the linear OCT NSD (r=0.84,
P<0.0001) (Ref. 64; Fig. 4).

The partial correlation of linear OCT NSD and CD68 per-
cent staining, controlling for cap thickness, was r=0.80
(P<.0001), indicating that the OCT measurement of mac-
rophage density was independent of cap thickness. OCT NSD
was inversely correlated to smooth muscle actin staining, re-
flecting the inverse relationship between macrophages and
smooth muscle cells. These results highlighted the ability of
OCT to detect and quantify macrophage infiltration. The sim-
plicity of the algorithm used for macrophage evaluation
makes it possible for this information to be superimposed on
the standard OCT image in real time.**

8 In Vivo Macrophage Imaging

The demonstration that OCT can potentially image macroph-
ages ex vivo raised interest as to whether this technique could
be also applied in human patients. To evaluate the clinical
significance of OCT macrophage density (NSD) quantifica-
tion, intracoronary OCT was conducted at culprit and noncul-
prit coronary plaques in a series of 49 patients undergoing
percutaneous coronary intervention.*' The patients were di-

35
304 | NSD =

25

20 -

15

10 -

% CD68 Staining

R=0.84
P<0.0001

0 0.02 004 006 0.08 0.1 0.12
OCT NSD (Raw Signal)

Fig. 4 Correlation between raw OCT NSD data and % area staining of
CD68. The macrophage density, as determined by immunohis-
tochemistry, correlated with the raw OCT data (r=0.84, P>0.0001)
(Ref. 64).
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Fig. 5 Clinical presentations versus NSD measurement of macroph-
age density. NSD was elevated in patients presenting with STEMI or
ACS compared with SAP. No difference in the macrophage concen-
tration was found between the STEMI patients and the ACS patients
(Ref. 41).

vided into three groups: (1) ST-elevation myocardial infarc-
tion (STEMI), n=19; (2) acute coronary syndrome (ACS),
which incorporates unstable angina and non-STEMI, n=19;
and (3) stable angina pectoris (SAP), n=11.

Results from this study demonstrated a significant relation-
ship between the clinical presentation and the macrophage
concentration, with a greater concentration of macrophages in
patients presenting with STEMI or ACS compared with SAP.
No statistically significant difference in the macrophage con-
centration was found between the STEMI patients and the
ACS patients or between remote and culprit sites for each
clinical group. (Fig. 5).

For fibrous plaques, the macrophage density of the un-
stable group was found to be significantly higher than that of
the stable group. This finding suggested that macrophage in-
filtration was not confined to just lipid-rich plaque but was
present throughout the coronary tree. Although fibrous
plaques have traditionally been considered to be more stable,
erosion of the superficial endothelial layer overlying patho-
logical intimal thickening is found in some patients with an
acute coronary event (Fig. 6).>®

A statistically significant higher macrophage density was
found at rupture sites compared with the adjacent nonruptured
cap within the same image. Moreover, macrophage density at
rupture sites was significantly greater than that of all nonrup-

~ * *P <0.05
T e
z
4
a °] I
& I
[}
£ 4
e
]
=
3 |

EMI+ACS OsAP

Fig. 6 Macrophage density in fibrous plaques. Even in fibrous plaque,
macrophage density of unstable patients was significantly higher than
that of the stable patients. This finding suggested that macrophage
infiltration was not confined to just lipid-rich plaque but was evident
throughout the coronary tree (Ref. 41).
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Fig. 7 Fibrous cap macrophage density at rupture sites. (a) Macro-
phages are elevated at the rupture site in a representative ruptured
plaque seen by OCT. OCT clearly shows that the fibrous cap disrupted
at 11 o’clock. The « represents the guide wire shadow. (b) The column
plot shows that macrophage density at rupture sites (left column),
measured by OCT NSD, was significantly higher than adjacent non-
ruptured sites (right column).

tured culprit sites in the combined STEMI and ACS groups
(Fig. 7).

The spatial distribution of macrophages within the fibrous
cap of lipid-rich plaques was examined to determine the rela-
tionship between the proximity of macrophages to the endot-
helial surface and coronary syndrome. The fibrous cap was
divided into a superficial layer (<50 um from the luminal
surface) and a subsurface layer (>50 um from the luminal
surface). For each layer, a receiver operator characteristic
(ROC) curve was computed for the prediction of an unstable
coronary presentation. At culprit sites, the area under the ROC
curve for superficial macrophage density was significantly
greater than the area under the ROC curve of the subsurface
macrophage density. There was no such statistically signifi-
cant difference seen at the nonculprit sites. This result indi-
cated that macrophages at the surface of these culprit lesions
were predictive of clinical syndrome (Ref. 41).

Natural Log of Fibrous Cap Thickness

r=-0.547,p =0.001

2.0 4.0 6.0 8.0 10.0

Macrophage Density (%)
(a)

Remodelling index

9 Clinical Application of Macrophage Imaging

To compensate for the decrease in coronary blood flow caused
by atheromatous plaque growth, the coronary wall apparently
responds by outward expansion of the artery, termed positive
(compensatory) rf:modeling.65 Paradoxically, autopsy studies
have shown that this response is often found in lesions from
patients who presented with ACS.®® Recently, a few OCT
studies have reported that positive remodeling is more com-
monly associated with lipid-rich plaque, a thin fibrous cap, the
presence of thin-cap fibroatheroma (TCFA) and a larger in-
flammatory cell infiltrate, or an elevated hs-CRP.%”%® These
papers have also reported that fibrous cap thickness is in-
versely correlated with the remodeling index. One group re-
ported that the remodeling index was positively correlated
with plaque fibrous cap macrophage density67 and that the
plaque fibrous cap thickness was inversely correlated with
plaque fibrous cap macrophage density (Fig. 8). These human
data support the notion that plaque fibrous cap macrophage
density may be useful for predicting future ACS events.

10 Limitations

It is important to acknowledge the limitations of macrophage
imaging by OCT. First and foremost, the NSD parameter has
been utilized by only one research group.***"* Ongoing ef-
forts to standardize this metric and other interpretation criteria
is essential in this field to fully leverage the capabilities of this
technology. A second issue is that while the NSD metric is
simple to understand, it is also limited. First, the NSD param-
eter is not the same as macrophage density; OCT images
without macrophages inherently have a nonzero NSD due to
baseline scattering and residual speckle. Other components,
such as the internal elastic lamina, cholesterol crystals, and
some calcifications may also give a high NSD value. The
NSD parameter was developed and evaluated only in the con-
text of fibroatheroma caps, and therefore caution should be
taken when applying this measurement to other areas of the
coronary wall. Future research should be conducted to de-

1.4

r=0.60, P<0.001

20 4.0 6.0 8.0
Macrophage Density (%)

(b)

Fig. 8 Correlation between macrophage density and fibrous cap thickness or remodeling index. Scatter plots of (a) macrophage density to the
logarithm of fibrous cap thickness and (b) macrophage density to remodeling. Pearson’s correlation coefficient (r) and the P-value are

shown (Ref. 67).
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velop an improved OCT macrophage metric that can be more
generally applied to the entire artery.

14.

11 Conclusions

The possibility of seeing macrophages in a cross-sectional

image is very exciting for interventional cardiology and could 15.

open opportunities for studying these cells in patients and

diagnosing vulnerable plaques. Research conducted in this 16

area, including the development of the NSD parameter, is ’

early but promising. OCT measurements of NSD appear to
correlate with histopathologic markers of macrophages. Fur-

thermore, macrophage measurements obtained from patients 17

support hypotheses about macrophage content derived from ’

autopsy and vascular biology studies. These results provide an

impetus to improve this parameter further, standardize OCT

measurements of macrophages, and conduct additional vali- 18

dation studies, so that macrophage information can be widely ’

utilized in interventional cardiology research and clinical
practice.
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