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imaging, acute Optical coherence tomography (OCT) is a novel invasive imaging technology that allows in vivo assessment

coronary syndrome of the coronary wall with high resolution (approximately 15 micron). OCT offers a number of specific
diagnostic features to study culprit lesions in patients suffering from acute coronary syndrome (ACS).
Clinical OCT studies in patients presenting with ACS were able to confirm post mortem histopathology
findings and shed light on the dynamic nature of atherosclerotic plaque formation, modification and
rupture. OCT confirmed in vivo that the incidence of target lesion and remote TCFA varies with the clinical
syndrome of the patients, being most pronounced in patients with acute myocardial infarction as compared
to patients with stable angina. In culprit lesions where rupture of a fibrous cap has been documented, the
fibrous cap thickness was in the range of 50 micron and macrophage density was elevated. Encouraging
small scale clinical studies evaluated treatment effects in this population. OCT was used to demonstrate
statin effects on fibrous cap thickness or the effects of different stent designs. The markedly improved
image quality and user-friendliness of the second generation, Fourier-domain OCT, will allow large scale
clinical application and thus, will increase our understanding of the pathophysiology and the prevention of
ACS.
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Introduction

Pathophysiology and coronary morphology in patients with acute
coronary symptoms (ACS) are gaining more attention. Acute
coronary syndromes caused by the rupture of a coronary plaque are
common initial and often fatal manifestations of coronary
atherosclerosis in otherwise healthy subjects. The detection of the
lesions with high risk of rupture (the so called “vulnerable plaques”)
would be of main importance for the prevention of future ACS.
Optical coherence tomography (OCT) has emerged as one of the
most promising tools to assess patients with ACS and to detect key
features of plaques at high risk for rupture, due to its ability to
provide unique information on plague composition, the thickness of
the fibrous cap, the presence of macrophages and thrombi, and
tissue collagen composition or indentify rare causes of ACS, such as
spontaneous coronary dissection'?.

OCT features of plaque characterisation

OCT evaluates the optical properties of biological tissue. For clinical
application, OCT signals are usually displayed as greyscale or false
colour intensity maps, whereas OCT offers a variety of ways for
signal analysis and display, which are currently mainly used in
preclinical research. For research on ACS, a number of OCT
features are of particular interest, as they allow the assessment of
structures in vivo, that have been described in great detail by
histopathology studies in patients dying from ACS, namely
lipid/necrotic core rich, thin cap fibroatheroma (TCFA) and plaque
rupture (Figure 1).

Figure 1. OCT plaque characterisation, clinical examples. A. Mild
intimal thickening, the media corresponds to the signal poor, “dark”
band, the adventitia is delineated B. Calcified plaque. Calcifications
appear as sharply delineated, signal poor regions (dotted line).
C. Eccentric fibrofatty plaque. Note the three-layer appearance from
12 to 6 o’clock position, while the remaining plaque shows a gradual
attenuation of the OCT signal. D. Eccentric lipid-rich plaque. The OCT
signal is intense but drops rapidly (arrows).

Assessment of plaque composition and the
presence of lipid/necrotic core

The propensity of atherosclerotic lesions to destabilise and rupture
is highly dependent on their composition. In comparison with
histology OCT, has demonstrated to be highly sensitive and specific
for characterising different types of atherosclerotic plagues ranging
from 71-98% for fibrous plaques, 95-97% for fibro-calcific plaques,
and 90-94% for lipid-rich plaques in comparison to histology. £x
vivo validations have also shown that OCT is superior to
IVUS for the

conventional and integrated backscatter

characterisation of coronary atherosclerotic plaque composition. /n
vivo, OCT is able to identify most of the architectural features
identified by IVUS and may be superior for the identification of lipid
pools* (Figure 2).

Figure 2. Eccentric lipid-rich plaque with thin fibrous cap in 11 to 2
o’clock position.

However, interpretation of OCT images is observer dependent and
can be hampered by the limited penetration depth of OCT. A study
comparing OCT to histopathology reported a lower sensitivity for
plague components. Misclassification occurred in 41% of lesions
predominantly due to the inability to distinguish calcium deposits
from lipid pool caused by incomplete penetration depth into the
vessel wall®. In the future, quantitative tissue characterisation, e.g.,
by attenuation imaging, might overcome this limitation®.

Identification of thin cap fibroatheroma (TCFA)

Autopsy studies of sudden cardiac death victims have shown that
the most frequent cause of the coronary occlusion is rupture of a
thin-cap fibroatheroma (TCFA) plaque. Such lesions are
characterised by a large necrotic core with a thin fibrous cap usually
<65 microns in thickness. OCT allows the diagnosis of thin fibrous
cap atheroma with a sensitivity of 90% and a specificity of 79%
when compared to histopathology’.
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OCT in ACS

Assessment of fibrous cap thickness

While conventional intracoronary imaging techniques such as IVUS
or IVUS-VH do not have enough resolution (currently in the range of
150 micron) to directly visualise and evaluate in detail the fibrous
cap, OCT has demonstrated in correlation with histological
examinations that it is able to provide accurate measurements of
the thickness of the fibrous cap®.

Assessment of tissue collagen composition

A fibrous cap is predominantly composed of collagen, synthesised
by intimal smooth muscle cells, which together impart mechanical
integrity. Mechanisms that weaken the cap and potentially lead to
plagque instability include collagen proteolysis and impeded collagen
synthesis, resulting in a net reduction in collagen content, thinning
and disorganisation of collagen fibre orientation. Polarisation-
sensitive (PS) imaging enhances OCT by measuring tissue
birefringence, a property that is elevated in biological tissues
containing proteins with an ordered structure, such as organised
collagen. PS-OCT imaging can provide both, conventional greyscale
OCT as well as PS-OCT images, in one single pullback through the
coronary. PS-OFDI birefringence has been demonstrated to be
highly related to total collagen content in atherosclerotic plaques as
well as in fibrous plaques in vitro®.

Visualisation of macrophage accumulation
within plaque

Intense infiltration by macrophages of the fibrous cap is another of
the features of the vulnerable plaques. An ex vivo study by Tearney

et al, demonstrated OCT could be able to quantify macrophage
within the fibrous cap'©.

Visualisation of plaque rupture and
intracoronary thrombosis

Plaque rupture with subsequent thrombosis is the most frequent
cause of ACS. OCT can identify intracoronary thrombus and
plaque rupture with high accuracy!!'. Furthermore, Kume et al,
demonstrated that OCT might be able to distinguish between
white and red thrombus. Red thrombi, predominantly consisting
of red blood cells, appear in OCT as high-backscattering
structures with dorsal, signal-free, shadowing while white thrombi,
predominantly consisting of platelets and white blood cells,
appear as a low-backscattering structures!?. OCT could be helpful
to identify the culprit lesion in ACS and might provide additional
information about the underlying cause that lead to the plaque
rupture (Figure 3).

Clinical observations in patients presenting
with ACS

In patients presenting with ACS and STEMI, several authors have
evaluated the OCT appearance of culprit coronary lesions and
confirmed in vivo a link between lipid-rich plaque, TCFA,
macrophage infiltration and clinical syndrome (Figures 4, 5).

In patients with ACS, a series of studies showed, that the incidence
of lipid-rich plaque is related to the clinical presentation but not to
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Figure 3. Intracoronary thrombus formation. Red thrombus is
protruding into the lumen (arrows), dorsal shadowing obscures the
artery wall.

diabetes!s or gender!“. In a study comparing patients with different
clinical presentation, TCFA culprit lesions showed an increasing
incidence from 20 to 70% in three patient groups, stable angina,
ACS and STEMI*. In STEMI patients, the incidence of plaque
rupture was 73% by when assessed by OCT, significantly higher
than that detected by both angioscopy (47%, p=0.035) and IVUS
(40%, p=0.009)%*. The incidence of multiple TCFA within the
epicardial coronary tree is higher in patients presenting with acute
myocardial infarction (38%) as compared to patients presenting
with stable angina (0%). Similarly, in a study with patients with
acute coronary syndrome, 64% of patients had more than one
TCFA by 3-vessel OCT analysis’. TCFA tend to cluster in predictable
spots within the proximal segment of the LAD, namely near side
branches, opposite the side branch bifurcation. Inter-observer
variability in the in vivo diagnosis of TCFA is low (kappa 0.88)%.
However, the prognostic value of the presence of non-culprit TCFA
as observed by OCT still needs to be established!®.

In a Japanese series of STEMI patients, the incidence of plaque
rupture was 73% with a fibrous cap thickness (mean 49+21 pm)'é.
A significantly thinner cap has been observed ruptured plaques
with symptom onset at rest as compared to symptom onset at
exercise?®. Another study demonstrated at plaque rupture sites a
greater macrophage density than at non-ruptured sites?!.
Macrophage density in the fibrous cap correlated with the white
blood cell count?. Plague rupture sites in patients with ACS are
associated with up regulation of fractalkine and CX3CR1-expressing
mononuclear cells®.

These clinical observations are important, as they do not only
confirm histopathology observations, but also offer the potential to
assess atherosclerotic plaque and its dynamic changes in a
longitudinal way.



Invasive coronary imaging

Figure 4. OCT findings in a patient presenting with STEMI, caused by a lesion in the mid LAD. A. Coronary angiogram, showing a subtotal lesion
in the LAD B. Lesion site: a calcified plaque is visible in 12 o’clock position (signal poor with sharply delineated borders, asterix) while in 6 o’clock
position, there is thrombus (arrow) protruding into the lumen C. Lesion site: A dissection flap is visible in 12 o’clock position (arrow), while
extensive red thrombus is obscuring the vessel circumference. C. Distal reference D. Proximal vessel segment, bifurcation of LAD/LCx.

Figure 5. Plaque rupture in a patient presenting with NSTEMI.
A. Coronary angiogram of the right coronary artery (online QCA:
RD=3.47 mm, MLD=2.01 mm, 42% diameter stenosis). B. Distal
reference C. Minimal lumen area showing 360 degrees of lipid-rich
plaque D. Lesion site showing plaque rupture with a dissection flap
(arrow) protruding into the lumen, while the necrotic core (asterix) is
directly exposed the blood flow.

OCT assessment of treatment effects in ACS
patients

OCT is increasingly used to assess treatment effects in patients
presenting with ACS. It can be applied to study the acute effects of
manual of rheolytic thrombus aspiration®. Likewise, OCT is used to

Figure 6. Multiple target vessel TCFA in a patient presenting with ACS.
A. Coronary angiogram demonstrating a short, subtotal lesion of the
LAD B. Longitudinal view of the OCT pullback C. distal non-flow
limiting TCFA D. Target lesion showing lumen narrowing and mural
thrombus in 7 o’clock position E. proximal non-flow limiting TCFA.
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OCT in ACS

A) Baseline

B) Follow-up at three days

Figure 7. OCT assessment of acute treatment effects in a patient undergoing primary PCIl with implantation of a self-expanding stent (Stentys).
A. Baseline, immediately after stent implantation B. Three days follow-up (apposition protocol); 1-3 are corresponding OCT images at both study
time points. 1) Good stent expansion 2) Minimal lumen area with thrombus protruding between the stent struts at baseline that resolved ad follow
up 3) Proximal stent portion with side branch ostium in 7 o‘clock position. At three days follow-up early strut coverage is visible.

D) OCT after manual thrombus aspiration

E) OCT after rheolytic thrombectomy

dist [ e s » prox ref

Figure 8. OCT assessment of acute treatment effects in a patient presenting with STEMI caused by late DES thrombosis. A. Coronary angiogram
preprocedure showing occlusion of the LAD stents B. Coronary angiogram after predilatation with a 1.5 mm balloon and manual thrombus
aspiration. C. Coronary angiogram after rheolytic thrombectomy. D. OCT pullback after manual thrombus aspiration demonstrating high residual
thrombus burden E. OCT pullback after rheolytic thrombectomy demonstrating substantial reduction in thrombus load.

assess the long-term effects of drug eluting stents in acute strut apposition and incomplete tissue coverage at long term follow-
myocardial infarction®. The latter study illustrated, that drug eluting up than in patients treated for stable angina. This observation has
stents in a STEMI population showed a higher rate of incomplete driven the evaluation of self-expanding stent concepts for treatment
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of STEMI patients, e.g. being currently evaluated in the “apposition”
study family. Likewise, OCT is being used to assess treatment effects
aimed at stabilising thin fibrous caps, such as change in fibrous cap
thickness during statin therapy?® or dedicated scaffolds?’.

Conclusion

In patients with ACS, intracoronary OCT has a unique capability to
visualise features of TCFA in vivo. Small scale clinical studies
confirmed that OCT is suitable to assess treatment effects and
allows for longitudinal trials to study the dynamic nature of coronary
artery disease and plaque vulnerability. The markedly improved
image quality and user-friendliness of the second generation,
Fourier-domain OCT?8, will allow large scale clinical application and
thus, will help to increase our understanding of the pathophysiology
and the prevention of ACS and myocardial infarction.

Appendix for figures

All OCT examples were acquired with Lightlab Imaging, Boston,
MA, USA, OCT systems.

ACS: acute coronary syndrome

DES: drug eluting stent

LAD: left anterior descending artery

LCx: left circumflex artery

NSTEMI: non ST-elevation myocardial infarction
QCA: quantitative coronary angiography
RCA: right coronary artery

STEMI: ST-elevation myocardial infarction
TCFA:  thin cap fibroatheroma

References

1. Regar E, van Leeuwen AMGJ, Serruys PW, eds. Optical coherence
fomography in cardiovascular research. London: Informa Healthcare;
2007.

2. Prati F, Regar E, Mintz GS, Arbustini E, Di Mario C, Jang IK,
Akasaka T, Costa M, Guagliumi G, Grube E, Ozaki Y, Pinto F, Serruys PW.
Expert review document on methodology, terminology, and clinical appli-
cations of optical coherence tomography: physical principles, methodol-
ogy of image acquisition, and clinical application for assessment of
coronary arteries and atherosclerosis. Eur Heart J. 2009;31:401-415.

3. Yabushita H, Bouma BE, Houser SL, Aretz HT, Jang IK,
Schlendorf KH, Kauffman CR, Shishkov M, Kang DH, Halpern EF,
Tearney GJ. Characterization of human atherosclerosis by optical coher-
ence tomography. Circulation. 2002;106:1640-1645.

4. Jang IK, Bouma BE, Kang DH, Park SJ, Park SW, Seung KB,
Choi KB, Shishkov M, Schlendorf K, Pomerantsev E, Houser SL, Aretz HT,
Tearney GJ. Visualization of coronary atherosclerotic plaques in patients
using optical coherence tomography: comparison with intravascular ultra-
sound. J Am Coll Cardiol. 2002;39:604-609.

5. Manfrini O, Mont E, Leone O, Arbustini E, Eusebi V, Virmani R,
Bugiardini R. Sources of error and interpretation of plaque morphology by
optical coherence tomography. Am J Cardiol. 2006;98:156-159.

6. van Soest G, Goderie T, Regar E, Koljenovic S, van Leenders GL,
Gonzalo N, van Noorden S, Okamura T, Bouma BE, Tearney GJ,
Oosterhuis JW, Serruys PW, van der Steen AF. Atherosclerotic tissue char-
acterization in vivo by optical coherence tomography attenuation imaging.
J Biomed Opt. 2010;15:011105.

Invasive coronary imaging

7. Kume T, Okura H, Yamada R, Kawamoto T, Watanabe N, Neishi Y,
Sadahira Y, Akasaka T, Yoshida K. Frequency and spatial distribution of
thin-cap fibroatheroma assessed by 3-vessel intravascular ultrasound and
optical coherence tomography: an ex vivo validation and an initial in vivo
feasibility study. Circ J. 2009;73:1086-1091.

8. Cilingiroglu M, Oh JH, Sugunan B, Kemp NJ, Kim J, Lee S,
Zaatari HN, Escobedo D, Thomsen S, Milner TE, Feldman MD. Detection
of vulnerable plagque in a murine model of atherosclerosis with optical
coherence tomography. Catheter Cardiovasc Interv. 2006;67:915-923.

9. Nadkarni SK, Pierce MC, Park BH, de Boer JF, Whittaker P,
Bouma BE, Bressner JE, Halpern E, Houser SL, Tearney GJ.
Measurement of Collagen and Smooth Muscle Cell Content in
Atherosclerotic Plaques Using Polarization-Sensitive Optical Coherence
Tomography. Journal of the American College of Cardiology.
2007;49:1474-1481.

10. Tearney GJ, Yabushita H, Houser SL, Aretz HT, Jang IK,
Schlendorf KH, Kauffman CR, Shishkov M, Halpern EF, Bouma BE.
Quantification of macrophage content in atherosclerotic plaques by opti-
cal coherence tomography. Circulation. 2003;107:113-119.

11. Meng L, Lv B, Zhang S, Yv B. In vivo optical coherence tomogra-
phy of experimental thrombosis in a rabbit carotid model. Heart.
2008;94:777-780.

12. Kume T, Akasaka T, Kawamoto T, Ogasawara Y, Watanabe N,
Toyota E, Neishi Y, Sukmawan R, Sadahira Y, Yoshida K. Assessment of
coronary arterial thrombus by optical coherence tomography. Am J
Cardiol. 2006;97:1713-1717.

13. Chia S, Raffel OC, Takano M, Tearney GJ, Bouma BE, Jang IK.
Comparison of coronary plaque characteristics between diabetic and non-
diabetic subjects: An in vivo optical coherence tomography study.
Diabetes research and clinical practice. 2008;81:155-160.

14. Chia S, Christopher Raffel O, Takano M, Tearney GJ, Bouma BE,
Jang IK. In-vivo comparison of coronary plague characteristics using opti-
cal coherence tomography in women vs. men with acute coronary syn-
drome. Coron Artery Dis. 2007;18:423-427.

15. Jang IK, Tearney GJ, MacNeill B, Takano M, Moselewski F, Iftima N,
Shishkov M, Houser S, Aretz HT, Halpern EF, Bouma BE. In vivo charac-
terization of coronary atherosclerotic plaque by use of optical coherence
tomography. Circulation. 2005;111:1551-1555.

16. Kubo T, Imanishi T, Takarada S, Kuroi A, Ueno S, Yamano T,
Tanimoto T, Matsuo Y, Masho T, Kitabata H, Tsuda K, Tomobuchi Y,
Akasaka T. Assessment of Culprit Lesion Morphology in Acute Myocardial
Infarction: Ability of Optical Coherence Tomography Compared With
Intravascular Ultrasound and Coronary Angioscopy. J Am Coll Cardiol.
2007;50:933-939.

17. Kubo T, Imanishi T, Kashiwagi M, lkejima H, Tsujioka H, Kuroi A,
Ishibashi K, Komukai K, Tanimoto T, Ino Y, Kitabata H, Takarada S,
Tanaka A, Mizukoshi M, Akasaka T. Multiple coronary lesion instability in
patients with acute myocardial infarction as determined by optical coher-
ence tomography. Am J Cardiol. 2010;105:318-322.

18. Fujii K, Kawasaki D, Masutani M, Okumura T, Akagami T, Sakoda T,
Tsujino T, Ohyanagi M, Masuyama T. OCT assessment of thin-cap
fibroatheroma distribution in native coronary arteries. JACC Cardiovasc
Imaging. 2010,3:168-175.

19. Barlis P, Serruys PW, Gonzalo N, van der Giessen WJ,
de Jaegere PJ, Regar E. Assessment of Culprit and Remote Coronary
Narrowings Using Optical Coherence Tomography With Long-Term
Outcomes. Am J Cardiol. 2008;102:391-395.

- G159 -

monline



OCT in ACS

20. Tanaka A, Imanishi T, Kitabata H, Kubo T, Takarada S, Tanimoto T,
Kuroi A, Tsujioka H, lkejima H, Ueno S, Kataiwa H, Okouchi K,
Kashiwaghi M, Matsumoto H, Takemoto K, Nakamura N, Hirata K,
Mizukoshi M, Akasaka T. Morphology of exertion-triggered plaque rupture
in patients with acute coronary syndrome: an optical coherence tomogra-
phy study. Circulation. 2008;118:2368-2373.

21. MacNeill BD, Jang IK, Bouma BE, Iftimia N, Takano M,
Yabushita H, Shishkov M, Kauffman CR, Houser SL, Aretz HT,
DeJoseph D, Halpern EF, Tearney GJ. Focal and multi-focal plaque
macrophage distributions in patients with acute and stable presentations
of coronary artery disease. J Am Coll Cardiol. 2004;44:972-979.

22. Raffel OC, Tearney GJ, Gauthier DD, Halpern EF, Bouma BE,
Jang IK. Relationship between a systemic inflammatory marker, plaque
inflammation, and plaque characteristics determined by intravascular
optical coherence tomography. Arterioscler Thromb Vasc Biol.
2007;27:1820-1827.

23. lkejima H, Imanishi T, Tsujioka H, Kashiwagi M, Kuroi A,
Tanimoto T, Kitabata H, Ishibashi K, Komukai K, Takeshita T, Akasaka T.
Upregulation of fractalkine and its receptor, CX3CR1, is associated with
coronary plaque rupture in patients with unstable angina pectoris. Circ J.
2010;74:337-345.

24, Capodanno D, Prati F, Pawlowsky T, Ramazzotti V, Albertucci J, La
Manna A, Robert G, Tamburino C. ClearWayRX system to reduce intra-

- G160 -

monline

coronary thrombus in patients with acute coronary syndromes according
to optical coherence tomography after abciximab intracoronary local infu-
sion trial (COCTAIL): study rationale and design. J Cardiovasc Med
(Hagerstown). 2010;11:130-136.

25. Gonzalo N, Barlis P, Serruys PW, Garcia-Garcia HM, Onuma Y,
Ligthart J, Regar E. Incomplete stent apposition and delayed tissue
coverage are more frequent in drug-eluting stents implanted during pri-
mary percutaneous coronary intervention for ST-segment elevation
myocardial infarction than in drug-eluting stents implanted for
stable/unstable angina: insights from optical coherence tomography. J
Am Coll Cardiol. 2009;2:445-452.

26. Chia S, Raffel OC, Takano M, Tearney GJ, Bouma BE, Jang IK.
Association of statin therapy with reduced coronary plaque rupture: an
optical coherence tomography study. Coron Artery Dis. 2008;19:237-242.

27. Ramcharitar S, Gonzalo N, van Geuns RJ, Garcia-Garcia HM,
Wykrzykowska JJ, Ligthart JM, Regar E, Serruys PW. First case of stenting
of a vulnerable plaque in the SECRITT | trial-the dawn of a new era?
Nature reviews. 2009;6:374-378.

28. Gonzalo N, Tearney GJ, Serrruys PW, van Soest G, Okamura T,
Garcia-Garcia HM, van Geuns RJ, van der Ent M, Ligthart J, Bouma BE,
Regar E. Second generation optical coherence tomography. Rev Esp
Cardiol. 2010. In press.



