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           Introduction 

    Intravascular optical coherence tomography 
(IVOCT) is an invasive, catheter-based, cross- 
sectional microscopic imaging technology that 
employs near-infrared light and provides a depth- 
dependent resolution of approximately 10 μm and 
a lateral resolution of about 30 μm [ 1 ]. The resolu-
tion of IVOCT makes it possible to characterize 
the detailed structure of the superfi cial artery wall. 
IVOCT has been shown to be capable of classify-
ing coronary plaque and various components 
related to atherosclerosis in vivo, which may pro-
vide an improved understanding of atherosclerosis 
and acute coronary syndrome (ACS) [ 2 – 6 ]. 
IVOCT may also enable the detection of certain 
types of “vulnerable plaque” in vivo as well as 

their clinical features and prognosis [ 7 ]. With 
respect to coronary intervention, IVOCT trials 
have revealed the association between IVOCT 
morphological information and adverse cardiac 
events [ 8 ]. It is expected that this improved level 
of detailed information will help cardiologists 
make more informed decisions, which will in 
turn improve patient interventional outcomes. 
In this chapter, we will provide an introduction 
to IVOCT imaging, including a brief description 
of the technology, image interpretation, and 
areas of further research.  

    Optical Coherence Tomography 

 IVOCT is an interferometric imaging technology 
that uses near-infrared light to obtain information 
as a function of depth from the luminal surface. 
IVOCT can provide an axial (depth) resolution 
of approximately 10 μm and a transverse resolu-
tion that ranges between 20 and 40 μm. To obtain 
optical coherence tomography (OCT) images 
from vessels such as in the coronary artery, blood 
needs to be removed from the fi eld of view because 
near-infrared light is attenuated by the presence of 
red blood cells. With the fi rst- generation form of 
IVOCT, termed time-domain OCT (TD-OCT), 
two methods were used for image acquisition: a 
balloon occlusion method and a continuous fl ush-
ing method [ 6 ,  9 ]. However, images were obtained 
at a slow rate and patients could be exposed to 
temporary myocardial ischemia to obtain clear 
images using these fl ushing methods.  
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    FD-OCT and OFDI 

 Frequency domain OCT (FD-OCT) or optical fre-
quency domain imaging (OFDI) is the second- 
generation form of OCT that is able to acquire 
images at frame rates that are more than an order 
magnitude higher than those of TD-OCT [ 10 ]. Due 
to high- speed image acquisition of these technolo-
gies, three-dimensional comprehensive volumetric 
microscopy of long arterial segments can be obtained 
using an 8–10 cm 3  radiocontrast or saline fl ush and 
helically scanning the catheter’s optics [ 11 ].  

    Ex Vivo Studies 

    Normal Vessels 

 The normal vessel wall is composed of three 
 layers: intima, media, and adventitia. While 
intravascular ultrasound (IVUS) cannot com-
pletely distinguish the boundary of intima and 

media if the thickness of intima is less than 
180 μm [ 12 ], IVOCT is capable of detecting inti-
mal thicknesses that are much smaller. In an OCT 
image, the normal vessel wall is characterized by 
a layered architecture, comprising a highly back-
scattering or signal-rich intima, a media that fre-
quently has low backscattering or is signal poor, and 
heterogeneous and frequently highly backscattering 
adventitia (Fig.  8.1  and Table  8.1 ). On occasion, 
the internal elastic membrane and external elastic 
membrane are visualized as highly backscatter-
ing thin structures that fl ank the media [ 7 ].

        Plaque Characterization 

 Criteria for OCT plaque characterization have 
been previously established by investigating 357 
specimens (162 aortas, 105 carotid bulbs, and 90 
coronary arteries) from 90 cadavers [ 8 ]. Fibrous 
plaques were characterized by high scattering 
and homogeneous signal, fi brocalcifi c plaque as a 
signal-poor lesion or heterogeneous region with a 

  Fig. 8.1    Normal artery 
wall. Normal artery wall 
shows a three-layered 
architecture, comprising a 
high backscattering, thin 
intima, a low backscatter-
ing media, and a heteroge-
neous and/or high 
backscattering adventitia 
(Courtesy of Wakayama 
Medical University)       
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sharply delineated border, and lipid-rich plaques 
by signal-poor area with diffuse borders (Figs.  8.2  
and  8.3 ). These criteria demonstrated a sensitivity 
and specifi city of 71–79 % and 97–98 % for 
fi brous plaques, 95–96 % and 97 % for fi brocal-
cifi c plaques, and 90–94 % and 90–92 % for 
lipid-rich plaques, respectively [ 8 ]. These results 
were also confi rmed in other ex vivo studies, which 
showed even higher accuracy of evaluation for 
lipid-rich plaque compared to IVUS [ 13 ].

        Macrophages 

 Macrophages play a key role in all phases of cor-
onary artery atherosclerosis. It has been hypoth-
esized that macrophages show high backscattering 
because they contain lipid and other cellular 
debris (Fig.  8.4 ). In a one study of 27 cadaver 
necrotic core fi broatheromas, OCT images were 
acquired and quantifi ed using the “Normalized 
Standard Deviation” (NSD) parameter that mea-
sures local OCT image heterogeneity. NSD was 
compared to registered histologic slides that were 
immunohistochemically stained by CD68 [ 3 ]. 
A positive correlation between OCT and histo-
logic measurement of CD68 was found ( r  = 0.84, 
 p  < 0.00001); a range of NSD thresholds (6.15–
6.35 %) demonstrated 100 % sensitivity and spec-
ifi city for differentiating caps containing >10 % 
CD68 staining [ 3 ].

       Thrombi 

 OCT can distinguish two major types of thrombi: 
red and white (Fig.  8.5 ). The red thrombus shows 
high backscattering and high attenuation. In 
contrast, the white thrombus shows less back-
scattering, low attenuation, and a homogeneous 
signal [ 4 ]. The appearance of mixed and orga-
nized thrombi by OCT is hypothesized to be 
heterogeneous, but the image characteristics of 
organized thrombi are not well understood or 
validated.

       Cholesterol Crystals 

 Cholesterol crystals can be seen by IVOCT within 
atheromatous plaque, usually in combination with 
lipid. Cholesterol crystals appear as needle-shaped 
clefts on pathology and OCT demonstrates simi-
larly shaped, linear highly scattering signals [ 5 ] 
(Fig.  8.6 ). Some investigators have suggested that 
cholesterol crystal might have the potential to 
injure the fi brous cap, leading to ACS, but to date, 
there are no in vivo OCT examinations or trials 
that test this hypothesis [ 14 ].

       Neovascularization 

 Vulnerable plaque is pathologically defi ned as a 
plaque with a thin fi brous cap, necrotic core, and 
macrophage infi ltration within a fi brous cap. In 
addition, neovascularization in atheromatous 
plaque, called “vasa vasorum,” may also be 
related to plaque vulnerability [ 15 ]. 
Neovascularization is identifi ed as regions with 
little or no IVOCT backscattering and are fre-
quently observed over several frames [ 16 ] 
(Fig.  8.7 ). Although there is little histopathologic 
validation of IVOCT for neovascularization, a 
clinical OCT study demonstrates that these 
regions in coronary plaques correlate with the 
presence of thin-cap fi broatheromas (TCFA) and 
positive arterial remodeling [ 17 ]. More recently, 
it has been reported that neovascularization 
seen by IVOCT is strongly associated with the 
progression of coronary artery plaques [ 18 ].

   Table 8.1    OCT image features of vessel wall   

 Histology  OCT 

 Intima  Signal-rich layer nearest lumen 
 Media  Signal-poor middle layer 
 Adventitia  Signal-rich heterogeneous 

outer lumen 
 Internal elastic lamina 
(IEL) 

 Signal-rich band between 
intima and media 

 External elastic 
lamina (EEL) 

 Signal-rich band between 
media and adventitia 

  Reprinted from Jang IK, Bouma BE, Kang DH, Park SJ, 
Park SW, Seung KB, et al. Visualization of coronary ath-
erosclerotic plaques in patients using optical coherence 
tomography: comparison with intravascular ultrasound. J 
Am Coll Cardiol. 2002;39(4):604–9. With permission 
from Elsevier  
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  Fig. 8.2    Ex vivo OCT images of human plaques. ( a ) OCT 
image of a fi brous coronary plaque showing a homoge-
neous, signal-rich interior (F). An area of intimal hyperpla-
sia is seen opposite fi brous lesion, demonstrating intima (I, 
with intimal hyperplasia), internal elastic lamina (IEL), 
media (M), external elastic lamina (EEL), and adventitia 
(A). ( b ) Corresponding histology (Movat’s pentachrome; 
magnifi cation ×40). ( c ) OCT image of a fi brocalcifi c aortic 
plaque showing a sharply delineated region with a signal-
poor interior. Bar = 500 μm. ( d ) Corresponding histology 

(H&E; magnifi cation ×40). ( e ) OCT image of a lipid-rich 
carotid plaque showing a signal-poor lipid pool (L) with 
poorly delineated borders beneath a thin homogeneous 
band, corresponding to fi brous cap ( arrows ). Bar = 500 μm. 
( f ) Corresponding histology (Movat’s pentachrome; mag-
nifi cation ×20) (Reprinted from Yabushita H, Bouma BE, 
Houser SL, Aretz HT, Jang IK, Schlendorf KH, et al. 
Characterization of human atherosclerosis by optical 
coherence tomography. Circulation. 2002;106(13):1640–5. 
With permission from Wolters Kluwer Health)       

  Fig. 8.4    Ex vivo OCT image of macrophages. Raw ( a ) 
and logarithm base 10 ( b ) OCT images of a fi broatheroma 
with a low density of macrophages within the fi brous cap. 
( c ) Corresponding histology for ( a ) and ( b ) (CD68 
 immunoperoxidase; original magnifi cation ×100). Raw 
( d ) and logarithm base 10 ( e ) OCT images of a fi broath-
eroma with a high density of macrophages within the 
fi brous cap. ( f ) Corresponding histology for ( d ) and ( e ) 

(CD68 immunoperoxidase; original magnifi cation ×100) 
(Reprinted from Tearney GJ, Yabushita H, Houser SL, 
Aretz HT, Jang IK, Schlendorf KH, Kauffman CR, 
Shishkov M, Halpern EF, Bouma BE. Quantifi cation of 
macrophage content in atherosclerotic plaques by optical 
coherence tomography. Circulation. 2003;107(1):113–9. 
With permission from Wolters Kluwer Health)       
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  Fig. 8.3    In vivo coronary artery plaques. ( a ) Fibrous 
plaque. High scattering and homogeneous signal is 
observed. ( b ) Fibrocalcifi ed plaque. Signal-poor hetero-

geneous region on both sides with well-delineated borders 
(Courtesy of Wakayama Medical University)       

Fig. 8.4 (continued)
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        In Vivo Studies 

    Detection of Vulnerable Plaques 

 For cardiologists, the detection of vulnerable 
plaques, the most common of which is the 
TCFA, is a key goal for predicting and prevent-
ing the course of ACS. On IVOCT assessment, 

TCFA has been defi ned by some as a plaque 
with ≥2 quadrants of lipid and the thinnest part 
of a fi brous cap measuring <65 μm. In one study, 
57 patients who underwent successful percuta-
neous coronary intervention (PCI) were divided 
into three groups: acute myocardial infarction 
(AMI) ( n  = 20), ACS ( n  = 20), and stable angina 
pectoris (SAP) ( n  = 17). Patients with AMI and 
ACS demonstrated higher incidence of TCFA 

  Fig. 8.5    Thrombi. ( a ) Red thrombus. A red thrombus 
with high IVOCT backscattering and attenuation is fl oat-
ing in the coronary artery. ( b ) White thrombus. White 

thrombus with homogeneous backscattering and low 
attenuation attached to coronary artery wall (Courtesy of 
Wakayama Medical University)       

  Fig. 8.6    Cholesterol crystal. OCT image ( a ) demonstrates 
oriented, linear, highly refl ecting structures near the 
fi brous cap-lipid pool junction ( arrows ). Corresponding 
histology ( b , Masson’s trichrome; original magnifi cation 
×40) demonstrated the presence of cholesterol crystals 
( arrows ). Cholesterol crystals in vivo OCT image ( c ) 

appears as linear, highly backscattering structures within 
in the plaque (Reprinted from Tearney GJ, Jang IK, Bouma 
BE. Evidence of Cholesterol Crystals in Atherosclerotic 
Plaque by Optical Coherence Tomographic (OCT) 
Imaging. Eur. Heart J. 2003:23;1462. With permission 
from Oxford University Press)       
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and thinner fi brous cap thickness compared with 
SAP [ 19 ]. 

 Frequency and distribution of TCFA    were also 
examined, and pathology reports that indicated 
TCFA defi ned by OCT were dominant in the 
proximal left anterior descending artery, whereas 
TCFA in the left circumfl ex artery and the right 
coronary artery were equally distributed [ 20 ,  21 ]. 
As with culprit lesions, TCFA in non-culprit 
lesions were more frequent in patients with ACS 
than SAP [ 22 ]. 

 The alternative criteria of TCFA recently have 
been proposed by OCT consensus document [ 23 ]. 
An OCT-TCFA is defi ned as an IVOCT- delineated 
necrotic core with an overlying fi brous cap in 
which the minimum thickness of the fi brous cap is 
less than a predetermined threshold. The clinical 
signifi cance of lipid arc dimensions was deter-
mined to be unknown and remains an area of 
future investigation [ 23 ].  

    Macrophages In Vivo 

 Macrophage content was investigated in vivo in a 
study that enrolled 49 patients undergoing PCI 
[ 24 ] where again patients were divided into three 

groups: ST-elevation myocardial infarction 
(STEMI) ( n  = 19), ACS ( n  = 19), and SAP ( n  = 11). 
Macrophages were measured in the caps of 
IVOCT-determined fi broatheroma. NSD values 
showed a relationship between macrophage con-
centrations and the various clinical presentations. 
Patients with unstable clinical presentation had 
higher concentrations of macrophages and macro-
phage densities correlated with white blood 
count, the thickness of the fi brous cap, and arte-
rial remodeling [ 25 ,  26 ]. Further, macrophage 
density was found to be higher at cap rupture sites 
of culprit lesions than at non-rupture sites 
(Fig.  8.8 ). Even though these results have showed 
interesting relationships between macrophages 
and other clinical and microstructural fi ndings, the 
clinical implication of NSD measurements by OCT, 
especially prognostic value, remains unknown.

       Acute Coronary Syndrome 

 New fi ndings from clinical studies have eluci-
dated some of the intricacies of ACS [ 27 – 30 ]. 
For example, IVOCT demonstrated that the 
 morphologies of exertion-triggered and rest-
onset ruptured plaques differ in ACS patients, 

  Fig. 8.7    Neovasculariza-
tion. Intimal vessels are 
well-delineated regions or 
voids with low OCT 
backscattering (Courtesy 
of Wakayama Medical 
University)       
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and that some plaque ruptures may occur in thick 
fi brous caps, up to 140 μm, depending on exertion 
levels [ 27 ] (Fig.  8.9 ). Another IVOCT trial 
reported the differences in culprit lesion mor-
phology between STEMI and non-ST-segment 
elevation acute coronary syndrome (NSTEACS). 
As a result, culprit lesions in STEMI showed 
higher incidence of plaque rupture, TCFA, and 
red thrombus than those in NSTEACS [ 28 ]. 
Patients with STEMI also had greater plaque 
   disruption and smaller minimal lumen area than 
patients with NSTEM [ 29 ]. These results suggest 
that the indicate    that morphological features at cul-
prit lesions could relate to the clinical presentation 
in patients with acute coronary disease. Moreover, 
IVOCT revealed a relationship between lesion 
morphology on OCT and Braunwald classifi ca-
tion of unstable angina pectoris (UAP). Patients 
with class II UAP more frequently showed plaque 
rupture and thrombosis formation [ 30 ]. These 
fi ndings suggest that IVOCT may provide a novel 
means for exploring the pathophysiology of ACS 
in vivo.

       Prognosis 

 IVOCT has also revealed fi ndings regarding the 
natural history of coronary artery disease. In one 
recent clinical study, the percent changes in 
fi brous cap thickness assessed by OCT correlated 
with the percent changes in external elastic 
 membrane cross-sectional area within a time 
frame of 6 months [ 31 ]. In another study, the 
change in high-sensitivity C-reactive protein was 
also found to be signifi cantly correlated with 
changes in fi brous cap thickness [ 32 ]. OCT stud-
ies have revealed certain aspects about the 
effects of medical therapy on the coronary 
artery. Statin therapies have been found to be 
related to increased fi brous cap thickness, 
reduced plaque volume, and overall a more stable 
coronary structural phenotype [ 33 ,  34 ]. One 
IVOCT trial revealed that TCFA and neovascu-
larization are independent predictors of luminal 
progression [ 18 ]. These results support the notion 
that TCFA leads to plaque progression in vivo. 
Nevertheless, the question of whether or not 
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  Fig. 8.8    Intracoronary OCT macrophage imaging. ( a ) 
Optical coherence tomography (OCT) image of a rup-
ture site (outlined in  red ) overlying a lipid-rich plaque 
(LP). The  asterisk  symbol represents guide wire shadow. 
A 500 μm scale bar is seen in the  top right-hand corner . 
( b ) Bar graph representing mean macrophage density at 
sites of rupture, corresponding to outlined segment in 

panel ( a ), compared with the rest of the plaque. Standard 
error bars are represented. (Reprinted from MacNeill 
BD, Jang IK, Bouma BE, Iftimia N, Takano M, Yabushita 
H, et al. Focal and multifocal plaque macrophage distri-
butions in patients with acute and stable presentations of 
coronary artery disease. J Am Coll Cardiol. 
2004;44(5):972–9. With permission from Elsevier)       
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OCT-derived TCFA leads to ACS in real-world 
scenarios still remains.  

    Neoatherosclerosis in Stented Lesions 

 A recent pathological study showed that neoathero-
sclerosis and consequent plaque vulnerability can 
occur in previously stented lesions 5 years after 
bare-metal stent (BMS) placement [ 35 ]. An in vivo 
OCT observational study revealed that late-phase 
BMS (>5 years) showed higher incidence of vul-
nerable atherosclerotic changes, including lipid-
laden intima, intimal disruption, and thrombus, 
than early-phase BMS (<6 months) [ 36 ]. In some 
cases, neoatherosclerosis in BMS eventually led to 

plaque rupture and secondary thrombus formation, 
resulting in ACS [ 37 ] (Fig.  8.10 ). Also in drug-
eluting stents (DES), neoatherosclerosis is a fre-
quent fi nding and pathologically can occur earlier 
than in BMS, potentially due to more pronounced 
infl ammation related to drug and durable polymer 
[ 38 ]. In vivo OCT examination revealed that late-
phase DES (>20 months) had a higher incidence of 
TCFA-containing neointima and red thrombus 
[ 39 ]. Even though DES has been reported to greatly 
reduce restenosis and offer an effective approach to 
coronary artery disease, 0.4–0.6 % annual inci-
dences of late stent thrombosis (LST) occurs rarely. 
Neoatherosclerosis and subsequent plaque rupture 
in DES are considered to be one of the potential 
causes of LST [ 40 ].

  Fig. 8.9    Representative cases of plaque rupture occur-
ring at rest or with exertion. ( Left ) Plaque rupture that 
occurred at rest. Fibrous cap was broken at the midpor-
tion, and a thin fi brous cap could be observed. ( Right ) 
Plaque rupture that occurred during heavy farm work. 
Thick fi brous cap was broken at shoulder of plaque 

(Reprinted from Tanaka A, Imanishi T, Kitabata H, Kubo 
T, Takarada S, Tanimoto T, et al. Morphology of exertion-
triggered plaque rupture in patients with acute coronary 
syndrome: an optical coherence tomography study. 
Circulation. 2008;118:2368–73. With permission from 
Wolters Kluwer Health)       
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       Percutaneous Coronary Intervention 

 Like IVUS-guided PCI, IVOCT-guided interven-
tion is still a concept under investigation [ 41 – 46 ]. 
IVOCT-derived lipid plaque is considered as a 
predictor for no-refl ow phenomenon and post- 
PCI creatine kinase elevation [ 8 ,  47 ]. Moreover, 

as compared to IVUS, OCT can potentially more 
accurately detect adverse events after stenting, 
including stent-edge dissection, tissue protru-
sion, and malapposition [ 48 ]. Regarding OCT- 
guided intervention, Imola et al. conducted a 
single-center registry to evaluate the safety and 
feasibility of OCT-guided PCI and they con-

  Fig. 8.10    Neoatherosclerosis and acute event at late phase 
BMS. An emergent coronary angiogram showed severe in-
stent stenosis in the previously stented segment ( a ). OCT 
examination demonstrated plaque rupture in the stented 
segment ( b ). The thickness of broken fi brous cap was 
40 μm. Intracoronary thrombus was also visualized as a 
mass protruding into the vessel lumen ( c ). Lipid-rich plaque 
( arrow ) covered by thin fi brous cap (60 μm) was imaged 

and determined as a thin-cap fi broatheroma ( d ).  Arrow 
head  indicates stent strut (Reprinted from Kashiwagi M, 
Kitabata H, Tanaka A, Okochi K, Ishibashi K, Komukai K, 
et al. Very late clinical cardiac event after BMS implanta-
tion: in vivo optical coherence tomography examination. 
JACC Cardiovasc Imaging. 2010;3(5):525–7. With permis-
sion from Elsevier)       
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cluded FD-OCT has potential to become a safety 
guidance tool for PCI [ 49 ]. In another retrospec-
tive trial, IVOCT demonstrated adverse features 
requiring further intervention in 34.7 % patients 
and OCT-guided intervention provided a signifi -
cantly lower risk of cardiac death or myocardial 
infarction event compared to angiography-guided 
intervention [ 50 ]. However, because evidence 
about OCT-guided intervention is not fully eluci-
dated, this issue needs to be investigated in further 
outcome-based studies that reveal which informa-
tion extracted from IVOCT images can be used 
during intervention to improve patient outcome.   

    Future Developments 

 A newer OCT technology, termed “micro 
OCT” (μOCT), has ten times greater resolution 
(approximately 1 μm) than conventional 
IVOCT [ 51 ]. The higher resolution of μOCT 
makes it possible to image cellular and subcel-
lular morphologic features associated with ath-
erogenesis, thrombosis, and responses to 
interventional therapy. In the fi rst study to dem-
onstrate this technology ex vivo, macrophage 
foam cells and cholesterol crystals were clearly 
visualized. μOCT also enabled the detection of 
DES polymer in cadaver specimens, which is 
diffi cult to appreciate in currently available 
IVOCT systems. Another technological 
advancement is the combination of IVOCT 
with other imaging technologies. Recently, a 
dual-modality, catheter-based combination of 
IVOCT and near-infrared fl uorescence (NIRF) 
imaging [ 52 ] has been shown and demonstrated 
in rabbits in vivo. This multimodality technol-
ogy simultaneously provides images of colocal-
ized molecular and microstructural information 
[ 52 ]. This technology has the potential to enable 
the detection of fi brin over stents, which could 
in the future be used to inform decisions 
regarding antiplatelet therapy [ 52 ]. It further-
more can assess enzymatic activity in the con-
text of the microstructure of the plaque [ 52 ]. 
The unique capabilities of NIRF-OFDI may 
make it a valuable tool for assessing athero-
sclerosis and stent healing at both the molecu-
lar and microstructural levels.  

    Conclusion 

 IVOCT has been demonstrated to clearly enable 
the visualization of microstructural features of the 
superfi cial coronary wall. The advent of second- 
generation forms of IVOCT has made it practical 
to use this technology in the cardiovascular cath-
eterization lab. While this technology is very 
promising for investigating plaque structure, 
composition, and the stent healing process, much 
needs to be learned regarding its ability to be used to 
guide intervention and improve patient outcomes. 
Future generation IVOCT technologies offer the 
promise of imaging cells and subcellular struc-
tures in the coronary wall and simultaneously 
obtaining molecular and microstructural infor-
mation. The promise of today’s IVOCT and 
future iterations of this technology makes this 
fi eld a very interesting area for research and clini-
cal application development.     
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