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v

 Since the fi rst report on OCT over two decades ago, interest in this imaging technology in 
medicine has exponentially increased, initially in ophthalmology and recently in cardiology. 
Introduction of this intravascular imaging modality in cardiology coincided with the emer-
gence of a new concept, namely the detection of “vulnerable or high-risk plaque.” As vulner-
able plaque represents microstructural changes of coronary plaque including thin fi brous cap 
overlying lipid pool and increased lipid pool, it was thought that this high-resolution imaging 
modality would be ideal for detecting vulnerable plaques. Indeed, OCT has been proven to be 
an invaluable tool not only for detecting high-risk plaques, but also for studying in vivo vascu-
lar biology, particularly in order to understand the pathophysiology of acute coronary syn-
dromes. With a series of OCT studies, our understanding on the pathogenesis of acute coronary 
syndrome has made remarkable progress and confi rmed many fi ndings, which had been pos-
sible only in autopsy studies previously. Since OCT can be used in patients repeatedly, in vivo 
serial studies have been reported and these studies have provided critical information on the 
evolution of vascular structure over time and also the vascular response to interventions such 
as cholesterol lowering therapy. 

 In addition to the application of OCT to research, OCT has been increasingly used in inter-
ventional cardiology, primarily to optimize percutaneous coronary intervention with stenting. 
Despite gradual adoption of this technology in cardiac catheterization laboratories, the clinical 
value of OCT remains undefi ned. How to maximize the information provided by OCT to opti-
mize percutaneous procedures is not widely known. This book will provide background and 
practical tips for interventional cardiologists. 

 Since his fi rst report on in vivo OCT application in 2001, in my view, Dr. Jang’s group has 
been the leader in OCT in cardiology. His group brought this technology from bench to bed-
side through series of preclinical and clinical studies. They for the fi rst time established the 
OCT criteria for plaque characterization, reported differences in plaque characteristics in 
patients with various clinical presentations, and recently published the fi rst in vivo demonstra-
tion of plaque erosion, one of the important underlying mechanisms for acute coronary syn-
dromes. In addition, his group published the fi rst paper comparing OCT and intravascular 
ultrasound after stenting, demonstrating the higher sensitivity of OCT in the detection of stent 
related complications. 

 This textbook covers all the practical aspects of OCT in current research as well as clinical 
practice. With the rapidly growing interest in OCT, this book is extremely timely and very 
relevant for all cardiologists interested in vascular biology or interventional cardiology. My 
warmest congratulations to Dr. Jang and his group for such outstanding contributions to the 
fi eld of cardiovascular medicine.  

    Valentin     Fuster  ,   MD, PhD   
Director, Mount Sinai Heart

Past-President American Heart Association
Past-President World Heart Federation  

   Foreword   
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1.1         Introduction 

 Optical coherence tomography (OCT) has evolved to become a 
major optical imaging modality in biomedical optics and medi-
cine. OCT performs high resolution, cross-sectional and three 
dimensional volumetric imaging of the internal microstructure 
in biological tissues by measuring echoes of backscattered 
light [ 1 ]. Tissue pathology can be imaged  in situ  and in real 
time with resolutions of 1–15 μm, one to two orders of magni-
tude fi ner than conventional ultrasound. The unique features of 
OCT make it a powerful imaging modality with applications 
spanning many clinical specialties, fundamental scientifi c and 
biological research, as well as non-medical applications. 

 OCT performs cross-sectional and volumetric imaging by 
measuring the magnitude and echo time delay of backscat-
tered light. Cross-sectional images are generated by perform-
ing multiple axial measurements of refl ected light amplitude 
at different echo time delays (axial scans or A-scans) and scan-
ning the incident optical beam transversely, as shown in 
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    Abstract  

  Optical coherence tomography (OCT) enables cross sectional and volumetric imaging of 
internal structure and pathology in biological tissues. OCT can perform an “optical biopsy”, 
imaging pathology  in situ  and in real time without the need for excisional biopsy. OCT imag-
ing has become a standard of care in ophthalmology and is an emerging imaging modality in 
cardiology, where it provides information that often cannot be obtained by any other means. 
This chapter reviews the early history of OCT development with an emphasis on basic con-
cepts and the process of technology translation. Early OCT technology and catheter imaging 
devices as well as advances in imaging speed using swept source/Fourier domain detection 
are reviewed. The process of clinical translation, beginning with  ex vivo  imaging and histol-
ogy, preclinical animal studies and progressing to clinical studies in patients is discussed. 
The history of commercial intravascular OCT development is also summarized.  
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Fig.  1.1 . 1  This produces a two- dimensional data set which rep-
resents the optical backscattering in a cross-sectional plane 
through the tissue. Images, or B-scans, can be displayed in 
false color or grey scale in order to visualize tissue pathology. 
Three- dimensional, volumetric data sets are generated by 
acquiring sequential cross-sectional images, scanning the inci-
dent optical beam in a raster, circumferential, or other pattern. 
Three-dimensional OCT (3D-OCT) data contains comprehen-
sive volumetric structural information and can be digitally 
manipulated and visualized similar to MR or CT images.

   OCT is a powerful imaging technology in medicine 
because it performs an “optical biopsy”; it provides a real 
time,  in situ  visualization of tissue microstructure and 
 pathology, without the need to remove and process speci-
mens [ 2 ,  3 ]. Although histopathology is the gold standard for 
the assessment of pathology, it requires tissue excision, fi xa-
tion, embedding, microtoming and staining. OCT has appli-
cations in several general clinical situations:
    1.    Where conventional excisional biopsy is hazardous or 

impossible. Applications include imaging the retina in 
ophthalmology or coronary arteries in cardiology.   

   2.    Where excisional biopsy has sampling error. Histo-
pathology of biopsy specimens is the gold standard for 
diagnosis of many diseases including cancer, however, if 

1   Note there OCT embodiments including full-fi eld OCT that acquire 
axial data in parallel. 

excisional biopsy misses the lesion, then there is a false 
negative. OCT can guide excisional biopsy to reduce the 
number of biopsies required and to improve sensitivity by 
reducing sampling errors. If suffi cient sensitivity and 
specifi city can be achieved, OCT may be used to diagnose 
pathology in real time. Since imaging is performed  in 
situ , OCT has the advantage that much larger regions of 
tissue can be assessed than with excisional biopsy.   

   3.    For the guidance of interventional procedures. The ability 
to see cross sectional and three dimensional structure 
enables the guidance of procedures such as stent place-
ment in intravascular imaging. In ophthalmology, OCT 
can visualize changes in retinal structure and markers of 
disease, such as neovascularization or edema, to assess 
progression or pharmaceutical treatment response. The 
ability to see beneath the tissue surface enables guidance 
of ablative therapies such as laser or radio frequency abla-
tion, as well as surgical and microsurgical procedures.   

   4.    For performing functional measurement and imaging. 
Doppler OCT enables quantitative measurement of blood 
fl ow. OCT angiography enables visualization of vasculature. 
Polarization sensitive OCT enables measurement of birefrin-
gence, a marker for cellular and subcellular organization.    
  Although the imaging depth of OCT is limited by attenu-

ation from light scattering, coupled with medical devices 
such as catheter, endoscopic, laparoscopic, or needle deliv-
ery instruments, OCT can be used to access luminal organ 
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  Fig. 1.1    Optical coherence tomography (OCT) generates cross- 
sectional or three dimensional images by measuring the magnitude and 
echo time delay of light. Data is composed of axial scans (A-scans) 
which are measurements of backrefl ection or backscattering versus 

delay. Cross-sectional images (B-scan) are generated by transverse 
scanning the OCT beam, acquiring a series of axial scans. Three dimen-
sional volumetric data sets (3D-OCT) are generated by raster scanning, 
acquiring a series of cross-sectional images (B-scans)       

 

J.G. Fujimoto et al.



3

systems such as the coronary arteries, GI tract and airways, 
as well as solid organs and masses. 

 OCT has become a standard of care in clinical ophthalmol-
ogy and promises to have a powerful impact on intravascular 
imaging as well as other many other clinical specialties and 
research applications ranging from  diagnosis of  neoplasia to 
enabling new minimally invasive therapies or surgical proce-
dures. This chapter reviews the history and early development 
of OCT including the translation process of  ex vivo  imaging 
studies, preclinical imaging in animals and the fi rst studies in 
patients. We present a simplifi ed review of key technological 
developments that have enabled the use of OCT in intravascu-
lar imaging and other applications beyond ophthalmology. 
Finally, we present an overview of commercial activities in 
the development of intravascular OCT. Commercialization is 
a key step in making advances available to the wider clinical 
community, where new methodologies can ultimately impact 
clinical care. A more rigorous description of the Physics of 
Cardiovascular OCT is presented in Chap.   2     and a discussion 
of Future Developments in OCT is presented in Chap.   15    .  

1.2     OCT and Ultrasound 

 OCT has features which are common to both ultrasound and 
microscopy. Therefore, it is helpful to begin by comparing 
OCT to these modalities. Figure  1.2  shows the resolution and 
imaging depth for OCT, ultrasound and microscopy. The 
resolution of clinical ultrasound imaging is typically 
0.1–1 mm and depends on the frequency of the sound wave 
(3–40 MHz) used for imaging [ 4 – 6 ]. Sound waves at ultra-
sound frequencies below 10 MHz are transmitted with mini-
mal absorption in biological tissue and it is possible to image 
structures deep in the body. High frequency ultrasound has 
been used for intravascular imaging as well as research 
applications. Resolutions of 15–20 μm and fi ner have been 
achieved with frequencies above 100 MHz. However, these 
high frequencies are strongly attenuated in biological tissues 
and imaging depths are limited to only a few millimeters.

   Microscopy and confocal microscopy are examples of 
imaging techniques which have extremely high transverse 
image resolutions of 1 μm or fi ner. Imaging is typically per-
formed in an  en face  plane and resolutions are determined by 
optical diffraction. The imaging depth in biological tissue is 
limited because image signal and contrast are signifi cantly 
degraded by unwanted scattered light. In most biological tis-
sues, imaging can be performed to depths of only a few hun-
dred microns. 2  

2   In some ways OCT is by defi nition, always a confocal system. A single 
spatial optical mode is used for illumination and a single spatial mode 
is used for detection. However, a long Rayleigh range is often used and 
the lateral resolution is less than standard confocal microscopes. OCT, 
with high numerical aperture focusing, is often referred to as Optical 
Coherence Microscopy (OCM). 

 OCT fi lls the gap between ultrasound and microscopy. 
The axial image resolution in OCT is determined by the 
bandwidth of the light source. OCT technologies have axial 
resolutions ranging from 1 to 20 μm, approximately 10 to 100 
times fi ner than standard ultrasound imaging. The high reso-
lution of OCT imaging enables the visualization of tissue 
morphology. OCT has become a clinical standard in ophthal-
mology, because the transparency of the eye provides easy 
optical access to the retina, non-contact high-resolution 
imaging is possible and there is a dearth of other alternative 
technologies than can acquire quantitative depth information 
about the retina [ 7 ]. The principal limitation of OCT is that 
light is highly scattered by most tissues and attenuation from 
scattering limits the imaging depths to ~2 mm in most tissues. 
However, because OCT uses fi ber optics, it can be integrated 
with a wide range of medical instruments that can bring the 
light to the tissue region of interest. Instruments such as cath-
eters, endoscopes, laparoscopes, or needles enable imaging in 
luminal organ systems or even solid tissues inside the body. 

 OCT imaging is analogous to ultrasound imaging, except 
that it uses light instead of sound. There are several different 
detection methods for performing OCT, but essentially imag-
ing is performed by measuring the magnitude and echo time 
delay of backrefl ected or backscattered light from internal 
microstructures in materials or tissues. OCT images are two- 
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  Fig. 1.2    Image resolution and depth. Clinical ultrasound achieves deep 
imaging depths, but with limited resolution. Higher sound frequencies 
improve resolution, but increased ultrasonic attenuation reduces imag-
ing depth. Confocal microscopy has submicron resolution, but because 
it is diffi cult to reject unwanted scattered light, the imaging depth is a 
few hundred microns in most tissues. OCT axial image resolution 
ranges from 1 to 20 μm, according to the coherence length of the light 
source. In most biological tissues, OCT imaging depth is limited to 
~2 mm by attenuation from optical scattering       
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dimensional or three-dimensional data sets which represent 
optical backrefl ection or backscattering in a cross-sectional 
plane or 3D volume. Ultrasound and OCT are analogous in that 
when a beam of sound or light is incident into tissue, it is back-
refl ected or backscattered differently from structures which 
have varying acoustic or optical properties, as well as from 
boundaries between structures. The dimensions of these inter-
nal structures can be determined by measuring the “echo” time 
it takes for sound or light to travel different axial distances. 

 In ultrasound imaging, the axial measurement of distance 
or depth is called A-mode scanning, while cross-sectional 
imaging is called B-mode scanning. Volumetric or 3D imag-
ing can be performed by acquiring multiple B-mode images. 
The principal difference between ultrasound and optical 
imaging is the extremely high speed of light and the fact that 
light has a much shorter wavelength than sound. The speed 
of sound in tissue is ~1,500 m/s, while the speed of light is 
approximately 3 × 10 8  m/s. The measurement of distances 
with a 100 μm resolution, a typical resolution for ultrasound 
imaging, requires a time resolution of ~100 ns which is well 
within the limits of electronic detection. Ultrasound technol-
ogy has advanced signifi cantly in recent years with the avail-
ability of high performance, low cost analog to digital 
converters and digital signal processing technology. Unlike 
sound, the detection of light echoes requires much higher 
time resolution. Light travels from the moon to the earth in 
only ~2 s. The measurement of distances with a 10 μm reso-
lution, a typical resolution for OCT imaging, requires a time 
resolution of ~30 femtoseconds (3 × 10 −15  s). A femtosecond 
is extremely fast; the ratio of one femtosecond to one second 
is equal to the ratio of one second to the time since the age of 
dinosaurs. Direct electronic detection is extremely diffi cult 
with this time resolution; therefore, measurement methods 
such as high speed optical gating, optical correlation or inter-
ferometry are used.  

1.3     Measuring Optical Echoes 

1.3.1     Photographing Light in Flight 

 The use of optical echoes to visualize internal structure in 
biological tissue was proposed more than 40 years ago by 
Michel Duguay in 1971 [ 8 ,  9 ]. These pioneering studies 
demonstrated an ultrafast optical shutter using the laser 
induced Kerr effect which could “photograph light in fl ight”. 
Figure  1.3  shows a schematic of Duguay’s ultrahigh speed 
Kerr shutter photographing an ultrashort light pulse propa-
gating though a scattering solution of diluted milk [ 9 ]. The 
Kerr shutter operates by using an intense laser pulse to 
induce birefringence (the Kerr effect) in an optical medium 
placed between two crossed polarizers. If the induced bire-
fringence is electronically mediated, it has an extremely 

rapid response time and the Kerr shutter can achieve picosec-
ond or femtosecond time resolution.  

 Optical scattering limits the ability to image biological 
tissues, and Duguay proposed that an ultrahigh speed shutter 
could remove the unwanted scattered light and detect light 
echoes from inside tissue [ 9 ]. Ultrahigh speed optical shut-
ters might be used to “see through” tissues and therefore to 
non-invasively image internal pathology. The principal limi-
tation of the high speed optical Kerr shutter is that it requires 
high intensity, short laser pulses to induce the Kerr effect and 
operate the shutter.  

1.3.2     Femtosecond Time Domain 
Measurement 

 An alternate method for detecting optical echoes is to use 
nonlinear optical processes such as harmonic generation, 
sum frequency generation, or parametric conversion [ 10 –
 12 ]. Short light pulses illuminate the tissue and the time 
delay of backscattered light is detected by nonlinear optical 
cross correlation, mixing the backrefl ected light with a time 
delayed reference pulse in a nonlinear optical material. The 
nonlinear process can measure the intensity and time delay 
of the optical signal with a time resolution determined by the 
pulse duration. Figure  1.4  shows a schematic of how light 
echoes are detected using nonlinear second harmonic gener-
ation cross correlation. The reference pulse is generated by 
the same laser source and is delayed by a variable time delay 
ΔT using a mechanical optical delay line. The nonlinear 
mixing process creates an ultrahigh speed optical gate which 
is like an optical shutter.  

 The ultrahigh speed optical gate enables measurement of 
the echo magnitude vs time delay of backrefl ected or back-
scattered light, the equivalent of an axial scan in an ultra-
sound. Figure  1.4   shows a measurement of corneal thickness 
in an  in vivo  rabbit eye. Very low scattering from the corneal 
stroma can be detected. The measurement had a 15 μm axial 
resolution and was performed using 65 femtosecond dura-
tion pulses from a femtosecond dye laser at 625 nm wave 
length. Sensitivities of −70 dB or 10 −7  of the incident inten-
sity were achieved. However, these sensitivities were still not 
high enough to image most biological tissues. Current OCT 
systems achieve sensitivities 1,000× higher, approaching 
−100 dB or 10 −10  of the incident intensity.  

1.3.3     Low Coherence Interferometry 

 The problem of limited sensitivity can be solved using coher-
ent or interferometric detection. Interferometry is a powerful 
technique for measuring the magnitude and echo time delay 
of light with very high sensitivity which has the additional 
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  Fig. 1.3    Photographing light in fl ight. ( left ) A high speed optical shut-
ter is created using a CS 2  cell between crossed polarizers. An intense 
laser pulse induces transient birefringence (the Kerr effect) to open the 
shutter. ( right ) Photograph of an ultrashort laser pulse propagating 

through a cell of milk and water. The shutter speed was ~10 ps. These 
early studies suggested that high speed optical gating could be used to 
see inside biological tissues by rejecting unwanted scattered light 
(From Duguay [ 8 ]; and Duguay and Mattick [ 9 ])       

  Fig. 1.4    Early demonstration of femtosecond optical ranging in bio-
logical systems. ( left ) Femtosecond echoes of light (signal) are detected 
using nonlinear second harmonic generation, mixing the signal with a 
delayed reference pulse. ( right ) Femtosecond measurement of corneal 

thickness in a bovine eye  ex vivo , showing an axial scan of backscatter-
ing versus depth. Using a femtosecond dye laser with a 65 fs pulse 
duration it was possible to achieve a 15 um axial resolution (in air) with 
a −70 dB or 10 −7  detection sensitivity (From Fujimoto et al. [ 12 ])       
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advantage of not requiring short pulse light sources. OCT is 
based on interferometric imaging and initial embodiments 
used a classic optical measurement technique known as low 
coherence interferometry, or white light interferometry, fi rst 
described by Sir Isaac Newton. Low coherence interferome-
try was used in photonics to measure optical echoes and 
backscattering in optical fi bers and waveguide devices in the 
1980s [ 13 – 15 ]. The fi rst biological application of low coher-
ence interferometry was reported by Fercher et al .  in 1988, 
for the measurement of axial eye length [ 16 ]. Different ver-
sions of low coherence interferometry were developed for 
non-invasive measurement in biological tissues [ 17 – 20 ]. 

 Interferometry techniques perform correlation measure-
ments by interfering light that is backscattered from the tis-
sue with light that has traveled a known time delay though a 
reference path. Interferometry measures the electrical fi eld 
of the light rather than its intensity. Figure  1.5  shows a sche-
matic diagram of a classic Michelson type interferometer. 
The incident light is divided into a reference beam and a 
measurement or signal beam that travels different distances 
in the two interferometer arms. The path length difference 
between the interferometer signal and reference arms is  ΔL . 
If the reference path length is scanned, interference fringes 
will be generated as a function of time. This process can also 
be understood by noting that scanning the reference arm pro-
duces a Doppler shift of the reference fi eld. If a coherent 

(narrow line width) light source is used, interference will be 
observed over a long range of path length differences. 
However, in order to detect optical echoes from a restricted 
spatial region, a low coherence (broad bandwidth) light 
source is required. Low coherence light can be characterized 
as having a temporal (or longitudinal) autocorrelation func-
tion whose width is relatively short. The width of the auto-
correlation is inversely proportional to the frequency 
bandwidth of the light. When low coherence light is used, 
interference is only observed when the measurement and ref-
erence path lengths are matched to within the coherence 
length. The interferometer essentially measures the fi eld 
autocorrelation of the light. The magnitude and echo time 
delay of light can be measured by scanning the reference arm 
and demodulating, or detecting the interference signal. The 
coherence length of the light source determines the axial 
image resolution. 3  Shorter coherence lengths corresponding 
to broadband light sources provide fi ner resolution. 

 Figure  1.5  shows an early  ex vivo  measurement of the 
anterior chamber of the bovine eye with a 10 μm axial resolu-
tion using an 800 nm wavelength, low coherence diode light 

3   The longitudinal resolution is actually determined by the product of 
the coherence (autocorrelation) function and the focusing properties 
of the incident light beam. But usually the coherence function is the 
dominate factor. 

  Fig. 1.5    Low coherence interferometry for measuring optical echoes. 
( left ) Backrefl ected or backscattered light signals are interferred with 
light from a scanning reference path delay. When low coherence length 
light is used, interference is only observed with the path lengths are 
matched to within the coherence length. The interferometer output is 
detected as the reference path delay is scanned (time domain detection). 

Axial scan (A-scan) information is obtained by demodulating the inref-
erence signal. ( right ) Measurement of the anterior chamber in an bovine 
eye  ex vivo . A 10 µm axial resolution was achieved using a low coher-
ence diode light source at ~800 nm. Interferometry enables high sensi-
tivity detection of optical echoes and is the basis for optical coherence 
tomography (From Huang et al. [ 21 ])       

Scanned
reference path

Light
source

Coherent light Short chorence length light

z z

Δlc

Beam
splitter

Sample

4

2

0

4

2

0

–2 –1

Air

Air

Cornea

Cornea

Aqueous
3.84/n
= 2.88 (mm)

Aqueous
3.46/n
= 2.62 (mm)

Iris

Lens

0 1 2 3 4 5
(mm)

–2 –1 0 1 2 3 4 5
(mm)

Detector

10
–8

 ×
 In

ci
de

nt
10

–8
 ×

 In
ci

de
nt

 

J.G. Fujimoto et al.



7

source with a 29 nm bandwidth [ 21 ]. Sensitivities of −100 dB 
or 10 −10  of the incident intensity were achieved. Scanning the 
beam in the transverse direction yielded information on dif-
ferent structures, such as the lens and iris. The axial measure-
ments of backscatter versus depth using low coherence 
interferometry provided the foundation for optical coherence 
tomography. Low coherence interferometry has the advan-
tage that is can be performed without requiring short pulses of 
light. Since interferometry measures the electric fi eld rather 
than the intensity, it is equivalent to heterodyne detection in 
optical communication. Stated another way, interferometry 
essentially generates a product of electric fi elds. Weak signals 
 E   Signal  ( t ) are multiplied by a strong reference electrical fi eld 
 E   Reference  ( t ) to generate an interference output that is propor-
tional to  E   Signal  ( t ) ×  E   Reference  ( t ). This multiplication produces 
homodyne or heterodyne gain and very high, shot noise lim-
ited sensitivities (limited by the quantum nature of light) can 
be achieved and the effects of thermal and other electronic 
noise sources can be reduced. In addition, since the intensity 
is proportional to the square of the electric fi eld, very high 
dynamic ranges are possible because a 10× dynamic range for 
fi eld corresponds to a 100× dynamic range for intensity. 
A more comprehensive description of how OCT works can be 
found in Chap.   2     on the Physics of Cardiovascular OCT.             

1.4     The Development of OCT 

1.4.1     Early OCT Technology and Systems 

 Optical coherence tomography imaging was demonstrated in 
1991 by Huang et al. [ 1 ]. A similar imaging concept was also 
proposed independently in 1991 by Tanno in Japan [ 22 ]. 
Figures  1.6  and  1.7  show the fi rst OCT images of the retina 
and human coronary artery  ex vivo  with corresponding histol-
ogy [ 1 ]. These examples demonstrate OCT imaging in 
 transparent as well as optically scattering tissues. Imaging 
was performed with 15 μm axial resolution in tissue at 

830 nm wavelength. The image is displayed using a log false 
color scale with a signal level ranging from ~ −60 (red color) 
to −90 dB (dark blue color) of the incident intensity. The 
OCT image of the retina in Fig  1.6  shows the contour of the 
optic nerve head as well as retinal vasculature near the nerve 
head. The retinal nerve fi ber layer can also be visualized ema-
nating from the optic nerve head. This image was  ex vivo  and 
postmortem retinal detachment is evident. The OCT image of 
the coronary artery in Fig.  1.7  shows fi bro-calcifi c plaque on 
the right of the specimen and fi broatheromatous plaque on 
the left. The plaque scatters light and therefore attenuates the 
OCT beam, limiting the image penetration depth below it. 

 Optical coherence tomography has the advantage that it 
can be implemented using fi ber optic components and 
integrated with a wide range of medical devices. OCT sys-
tems can be divided into an imaging engine or console (con-
sisting of an interferometer, light source, detector, and 
support electronics) and imaging devices or probes. Early 
OCT imaging engines employed time domain detection 
(TD-OCT) with an interferometer using a low coherence 
light source and scanning reference delay arm. Figure  1.8  
shows an example of a TD-OCT system using a fi ber optic 
Michelson type interferometer with time domain detection. 
There are many different embodiments of the interferometer 
and imaging engines which have different power delivery 
and detection effi ciency advantages [ 23 ].

1.4.2        Ophthalmic OCT Imaging 

 Because the eye is optically transparent and optical imaging 
methods were already widely used in ophthalmology, many 
of the earliest OCT studies were in the eye. The fi rst  in vivo  
retinal images were obtained independently in 1993 by 
Swanson et al. [ 24 ] and Fercher et al. [ 25 ]. Figure  1.9  shows 
an early  in vivo  OCT image of the normal human retina from 
Hee et al. in 1995 [ 26 ]. Imaging was performed with ~10 μm 
axial resolution in tissue at ~800 nm wavelength. The nerve 

  Fig. 1.6    OCT image of the human retina ex vivo ( a ) and corresponding 
histology ( b ). Imaging was performed with 15 µm axial resolution at 
830 nm wavelength. The OCT is displayed using a log false color scale 
ranging from –60 to –90 dB of the incident light intensity. The OCT 

shows the optic nerve head contour and vasculature. The retinal nerve 
fi ber layer is visualized and there is postmortem retinal detachment, 
with subretinal fl uid accumulation (From Huang et al. [ 1 ])       
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fi ber layer as well as other architectural features can be visu-
alized with higher resolution than was previously possible. 
The high detection sensitivity of OCT enables imaging struc-
tures such as the retina which are nominally transparent and 
have very low optical scattering. For retinal imaging, safety 
standards govern the maximum permissible light exposure 
and set limits for OCT imaging speeds [ 24 ,  26 ]. Typical reti-
nal images have signal levels −50 to −90 dB below the inci-
dent intensity, but are easily visualized using incident power 
levels that are well within safe exposure limits. 

 The earliest clinical studies with OCT were performed in 
ophthalmology, and OCT has had an extremely large clinical 
impact in this specialty. Early clinical studies investigated 
OCT for the diagnosis and monitoring of a variety of macu-
lar diseases [ 27 ], including macular edema [ 28 ,  29 ], macular 
holes [ 30 ], central serous chorioretinopathy [ 31 ], and age- 
related macular degeneration and choroidal neovasculariza-
tion [ 32 ]. The retinal nerve fi ber layer thickness, an indicator 
of glaucoma, can be quantifi ed in normal and glaucomatous 
eyes and correlated with conventional measurements of the 

optic nerve structure and function [ 33 ,  34 ]. Many of the mea-
surement protocols that were developed in these early stud-
ies were adopted in current OCT ophthalmic instruments [ 7 ]. 

  Fig. 1.7    OCT image of human artery  ex vivo  ( a ) and corresponding 
histology ( b ). The OCT shows fi bro-calcifi c plaque ( right  three-quar-
ters of specimen) and fi broatheromatous plaque ( left  side of specimen). 

The fatty-calcifi ed plaque scatters light, limiting the image penetration 
depth (From Huang et al. [ 1 ])       

a b

  Fig. 1.8    OCT uses photonics and 
fi ber optics technology. This 
schematic shows a Michelson 
interferometer implemented using 
fi ber optics. The probe may be 
interfaced to a variety of medical 
imaging devices. OCT 
interferometers can be built in 
many different confi gurations 
depending on design requirements       
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  Fig. 1.9    OCT image of the normal human retina  in vivo . An early OCT 
image of the normal human retina in vivo. The OCT has 10 µm axial 
resolution and was acquired at 800 nm wavelength. The retinal pigment 
epithelium, choriod, and retinal nerve fi ber layers are visible as highly 
backscattering layers. OCT can noninvasively visualize and quantita-
tively measure retinal pathology and has become a standard of care in 
ophthalmology (From Hee et al. [ 26 ])       
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OCT is a powerful technique in ophthalmology because it 
can identify markers of early disease at treatable time points 
before visual symptoms and irreversible vision loss occurs. 
Furthermore, repeated imaging can be performed to track 
disease progression or monitor the response to therapy. 

 The important process of translating OCT research into 
the commercial world began in 1992 when an MIT startup 
company called Advanced Ophthalmic Devices was founded. 
Advanced Ophthalmic Devices was acquired by Carl Zeiss 
Meditec in 1994 and Zeiss introduced its fi rst commercial 
product for ophthalmic diagnostics in 1996. Early instru-
ments had an axial resolution of 10 μm and an imaging speed 
of 100 A-scans per second. A third generation ophthalmic 
instrument, the Stratus OCT, was introduced in 2002 which 
had similar resolution, but a faster speed of 400 A-scans per 
second. The increased speed enabled an increase in image 
pixel density. The large number of published clinical studies 
from previous generation instruments, coupled with techno-
logical improvement helped drive the clinical adoption of 
OCT. By the mid 2000’s, OCT became the standard of care 
in ophthalmology and is considered essential for the diagno-
sis and monitoring of many retinal diseases as well as glau-
coma [ 7 ]. With increases in imaging speed provided by 
spectral/Fourier domain detection (see later section of this 
chapter), many companies entered the ophthalmic market-
place in the mid 2000s. It is estimated that worldwide, 
approximately 30  million ophthalmic imaging procedures 
are currently performed annually [ 35 ].  

1.4.3     Beyond Ophthalmology 
to Intravascular and Endoscopic 
Imaging 

 In OCT applications, detection sensitivity and tissue optical 
properties are especially important because light is highly 
attenuated by scattering and absorption, governing the imag-
ing depth. The eye has the advantage that the path from the 
cornea to the retina (aqueous, lens, and vitreous) is relatively 
transparent. Although the retina is nominally transparent, it 
backscatters a small amount of light, which is detected to 
form OCT images. Early ophthalmic OCT imaging used 
800 nm wavelength light because this wavelength minimizes 
absorption by water in the lens and vitreous. The use of lon-
ger wavelengths for OCT imaging was an important step 
because it reduced scattering and increased image penetration 
depths [ 3 ,  36 ,  37 ]. Figure  1.10  shows an early example from 
Brezinski et al. 1996 showing OCT imaging in a human epi-
glottis  ex vivo , comparing imaging at 800 nm and 1,300 nm 
wavelengths [ 3 ]. At wavelengths shorter than ~1,100 nm, the 
dominant absorbers in most tissues are melanin and hemoglo-
bin, which absorb at visible and near infrared wavelengths 
[ 38 ]. Water absorption has a peak at 1,450 nm and is extremely 
high for wavelengths longer than 1,900 nm. In most tissues, 
scattering at near infrared wavelengths is one to two orders of 
magnitude higher than absorption (except at the highest 
absorption peaks), and scattering decreases for longer wave-
lengths. Therefore, imaging at 1,300 nm improved image 

  Fig. 1.10    OCT in scattering tissues is possible using long wavelengths 
which are less attenuated by scattering. OCT of the human epiglottis  ex 
vivo  at 850 and 1,300 nm wavelength. Superfi cial glandular structures 

( g ) are visualized with both 850 and 1,300 nm wavelength, but underly-
ing cartilage ( c ) is better visualized with longer 1,300 nm wavelength. 
Scale = 500 µm (From Brezinski et al. [ 3 ])       
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penetration and has become a standard wavelength for most 
OCT applications outside of ophthalmology. 

 Early studies by Schmitt et al .  investigated the mechanisms 
of OCT image contrast which are related to tissue optical 
properties [ 36 ,  39 ]. In OCT images, tissue structures are visi-
ble because they have different optical scattering properties. 
OCT images show true tissue dimensions (correcting for 
index of refraction and beam refraction effects) and do not 
suffer from processing artifacts as in histology. However if the 
OCT image is displayed using a false color scale, the colors 
represent different optical properties and not necessarily dif-
ferent tissue morphologies. Histological sections are stained 
in order to produce selective contrast between different tissue 
structures. There are multiple histological stains available 
which are highly specifi c. OCT relies on intrinsic differences 
in optical properties of different tissues to produce image con-
trast. On one hand, this is a limitation because tissue struc-
tures, such as cell nuclei, may not have contrast in traditional 
OCT imaging. However, histology is a time consuming pro-
cess that requires tissue excision, processing, embedding, sec-
tioning and staining. OCT imaging can be performed on tissue 
 in situ  and in real time, without the need for excision. 

 The concept of an “optical biopsy” was explored in sev-
eral early OCT imaging studies using  ex vivo  surgical 
 specimens [ 3 ,  40 – 51 ]. These studies developed the paradigm 
of comparing OCT imaging to the gold standard of histopa-
thology in order to develop a baseline for the interpretation of 
OCT images. The concept of using OCT to assess vulnerable 
plaque was fi rst proposed by Brezinski et al .  in 1995 [ 3 ,  52 ]. 
Figure  1.11  shows an example of one of the fi rst OCT images 
of plaque  ex vivo  and corresponding histology from Brezinski 
et al. 1996 [ 3 ]. The OCT image has an axial resolution of 
~15 μm in tissue and imaging was performed at 1,300 nm 
wavelength to optimize imaging depths. The fi gure shows an 

unstable plaque characterized by a thin intimal cap layer, 
adjacent to a heavily calcifi ed plaque with low lipid content. 
The demonstration that OCT could resolve unstable plaque in 
 ex vivo  specimens was an important milestone which helped 
drive the technological and clinical developments of intravas-
cular OCT imaging.  

1.4.4     Technology for Catheter 
and Endoscopic OCT Imaging 

 The development of fl exible fi ber optic imaging probes, 
catheter and endoscopic device technology by Tearney, 
Bouma et al .  at MIT enabled intravascular as well as endo-
scopic OCT imaging [ 53 ,  54 ]. Figure  1.12  shows one of the 
fi rst OCT catheter/endoscopes which was a prototype for 
modern OCT endoscopic probes and intravascular imaging 
catheters. The catheter/endoscope has a single-mode optical 
fi ber in a hollow rotating torque cable, coupled to a distal 
lens and microprism that refl ects the OCT beam radially out-
ward. The cable and distal optics are contained in a transpar-
ent housing. The OCT beam is scanned by rotating the cable 
to generate a transverse image through luminal structures or 
hollow organs. Imaging can also be performed in a longitu-
dinal plane by push-pull movement of the fi ber optic cable 
assembly [ 55 ]. The early catheter/endoscope shown in 
Fig.  1.12  had a diameter of 2.9 French or 1 mm, similar to a 
standard IVUS catheter. The development of catheter imag-
ing devices is challenging because of the simultaneous 
mechanical, optical and biocompatibility requirements. 
Early commercial intravascular devices (such as the LightLab 
Imaging ImageWire TM  and Helios TM  occlusion balloon cath-
eters) used micro-optic fabrication methods to create lenses 
and beam-directing elements which have diameters of opti-
cal fi bers (80–250 μm), signifi cantly smaller than what can 
be achieved with IVUS catheters [ 56 ].

   Because of the challenges associated with  in vivo  intra-
vascular OCT, endoscopic OCT initially progressed more 
rapidly [ 54 ,  57 ]. Figure  1.13  shows an example of OCT 
imaging of the rabbit esophagus  in vivo  and corresponding 
histology, from Tearney et al. in 1997 [ 54 ]. This image dem-
onstrates visualization of esophageal layers including the 
mucosa (m), submucosa (sm), inner muscularis (im), outer 
muscularis (om), serosa (s) and used the rotary probe design 
of Fig.  1.13 . The fi rst clinical studies of endoscopic OCT 
imaging in human subjects were reported by Sergeev et al. in 
1997 [ 57 ] and Feldchtein et al. in 1998 [ 58 ]. These clinical 
OCT imaging studies were performed with a fl exible for-
ward scanning fi ber optic probe in the working channel of a 
standard endoscope, bronchoscope or trocar. The probe was 
a 1.5–2 mm diameter and used a miniature magnetic optical 
scanner to image in the forward direction. These early stud-
ies demonstrated the feasibility of performing clinical OCT 
imaging of organ systems such as the esophagus, larynx, 

  Fig. 1.11    Early OCT image of atherosclerotic plaque  ex vivo  and cor-
responding histology. The plaque is highly calcifi ed with relatively low 
lipid content and a thin intimal cap. This result demonstrated that OCT 
can resolve morphological features associated with unstable plaques. 
Scale = 500 µm (From Brezinski et al. [ 3 ])       
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stomach, urinary bladder and uterine cervix. However, OCT 
imaging for neoplasia proved to be challenging because of 
limitations in image resolution and contrast, with associated 
diffi culty in visualizing nuclei.   

1.5     Early Intravascular OCT Imaging 

 The development of intravascular OCT was challenging 
because it required imaging technology, medical devices,  ex 
vivo  studies, preclinical studies and clinical imaging studies 
in patients. Figure  1.14  shows the fi rst catheter-based image 
of a human coronary artery  ex vivo  using an early prototype 
2.9 F OCT catheter from Tearney et al. in 1996 [ 59 ]. The 

fi gure compares OCT to 30 MHz IVUS. The excellent dif-
ferentiation of the intima, media, and adventitia and sug-
gested the utility of intravascular OCT. 

1.5.1     Preclinical Feasibility Studies 

  In vivo  intravascular OCT imaging required developing 
improved catheter imaging devices which could be used in 
animals and human subjects. In addition, since blood scatters 
and attenuates light, it was necessary to develop saline fl ush-
ing or balloon occlusion protocols to displace blood, or to 
signifi cantly dilute the hematocrit in the artery. Preclinical 
imaging studies in animals were in important step toward 

  Fig. 1.12    Schematic and photograph of an early OCT catheter/endo-
scope for intraluminal imaging. A single-mode fi ber is housed in a 
rotating fl exible speedometer cable and covered by a transparent plastic 
sheath. The distal end focuses the beam at ~90° from the catheter axis 

and scans a rotary pattern and pullback pattern. The catheter diameter is 
2.9 French or ~1 mm and is shown on a United States coin for scale. 
OCT can be integrated with a wide range of diagnostic and interven-
tional devices       
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  Fig. 1.13    Endoscopic OCT image of the rabbit esophagus in vivo 
demonstrating internal body imaging. ( a ) Esophageal layers including 
the mucosa ( m ), submucosa ( sm ), inner muscular layer ( im ), outer mus-
cular layer ( om ), serosa ( s ), and adipose and vascular supportive tissues 

(a) can be visualized. ( b ) A blood vessel ( v ) can be seen within the 
submucosa. ( c ) Corresponding histology ( b ) (H&E stain). Scale bars, 
500 µm (From Tearney et al. [ 54 ])       
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developing technology and understanding the feasibility of 
clinical applications. Intravascular OCT animal imaging 
studies were performed in a rabbit model by Fujimoto et al .  
in 1999 [ 60 ]. Imaging was performed using a 2.9 F optical 
catheter using a time domain OCT system with a broadband 
femtosecond laser at 1,280 nm wavelength to achieve 10 μm 
axial resolution. Imaging speeds were 4 frames per second 
with a 512 axial pixels/image. In these studies, saline fl ush-
ing was used to dilute the hematocrit during imaging. 
Intravascular OCT in a porcine model was reported by 
Tearney et al .  in 2000 [ 61 ]. The study compared OCT and 
intravascular ultrasound (IVUS) in fi ve swine using an OCT 
catheter and saline fl ushing. The study investigated normal 
coronary architecture, intimal dissections, and stents, dem-
onstrating that OCT could better visualize architectural mor-
phology in dissection and stent apposition than IVUS.  

1.5.2     Histological Validation Studies 

 In parallel with feasibility studies, it was important to inves-
tigate OCT image features and their clinical signifi cance. 
The fi rst step was to establish correspondence of OCT 
images with histopathology. The early studies by Brezinski 
et al .  investigated the correlation between OCT and histol-
ogy on  ex vivo  aortic specimens with atherosclerotic plaque 
[ 3 ,  52 ]. As mentioned previously, the studies demonstrated 
that the high image resolution of OCT enabled visualization 
of thin intimal cap layers associated with vulnerable plaques, 
thin cap fi beratheromas. They also demonstrated that OCT 

images had high contrast for lipids with low backscatter 
compared with fi brous tissues, enabling differentiation of 
intramural lipid deposits and that OCT could penetrate calci-
fi ed plaques. A comprehensive study by Yabushita et al .  in 
2002 investigated the correlation between  ex vivo  OCT 
images and histology on arterial specimens with fi brous, 
fi brocalcifi c, and lipid rich plaques [ 62 ]. A blinded reading 
of OCT images by two readers using a 50 specimen training 
set and a 307 specimen study set achieved sensitivities rang-
ing from 71 to 97 % and specifi cities ranging from 90 to 
98 % for the three plaque morphologies compared with his-
tology. The highest sensitivities and specifi cities, (>90 %) 
with excellent inter and intraobserver agreement, were 
obtained for fi brocalcifi c plaques. This study demonstrated 
that OCT had high sensitivity and specifi city compared to 
histology for identifying plaque morphologies.  

1.5.3     Clinical Studies 

 Intravascular OCT imaging in patients was fi rst reported by 
Jang et al. in 2001 [ 63 ]. This pioneering study used a 3.2 F 
OCT imaging catheter and compared OCT with IVUS, 
Fig.  1.15 . The OCT image shows tissue prolapse between 
stent struts, which was not obvious on the IVUS image. The 
study represents a landmark and was especially signifi cant 
because it addressed multiple technological, clinical and 
administrative challenges. Independent clinical demonstra-
tions by Grube et al .  at the Sigeberg Heart Center were 
reported in 2002 using a prototype instrument developed by 

  Fig. 1.14    Early OCT image of a human artery  ex vivo  and comparison with intravascular ultrasound (IVUS). The OCT image has 15 µm axial 
resolution and enables the differentiation of the intima, media, and adventitia. Intimal hyperplasia is evident (From Tearney et al. [ 59 ])       
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LightLab Imaging [ 64 ]. This study compared OCT to IVUS 
imaging at 6 months post intervention, showing the ability of 
OCT to visualize stent-in-stent restenosis of a drug-eluting 
stent. A study by Jang et al .  in 2002 compared intravascular 
OCT and IVUS in 10 patients [ 65 ]. The comparison to IVUS 
was important because it was the gold standard for intravas-
cular imaging morphological structure. OCT axial image 
resolution was 13 ± 3 μm, compared to 98 ± 19 μm for 
IVUS. The comparison of OCT and IVUS showed that all 
fi brous plaques, calcifi cation and echolucent regions visual-
ized by IVUS were also visualized by OCT and OCT could 
identify features such as intimal hyperplasia and intramural 
lipid deposits better than IVUS. 

 The process of translating cardiovascular OCT for wider 
spread clinical use began in 1998 when an MIT startup com-
pany called LightLab Imaging was founded. 4  More details 
on commercial cardiovascular OCT efforts are discussed 
later in this chapter.   

1.6     Advances in Imaging Speed 

 Early intravascular OCT studies demonstrated feasibility, 
however imaging speed was a serious limitation. Since blood 
strongly scatters light and attenuates OCT signals, saline 
fl ushing or a combination of occlusion with fl ushing was 

4   The original name of the company was Coherent Diagnostic 
Technology, but the corporate name was later changed to LightLab 
Imaging. 

required to dilute the hematocrit during OCT imaging. 
However limitations on the injected saline volume as well as 
concerns about ischemia restricted the imaging time and the 
amount of image data that could be acquired. Therefore, 
increasing OCT imaging speed was important for achieving 
clinically practical intravascular OCT imaging. 

 Fortunately, there have been powerful advances in OCT 
detection technology which enable dramatic increases in 
imaging speeds. These techniques are known as Fourier 
domain OCT and there are two variants: Spectral domain OCT 
(SD-OCT) and swept source OCT (SS-OCT) [ 66 – 73 ]. Swept 
source OCT, also known as optical frequency domain imaging 
(OFDI). Early OCT instruments used a low- coherence light 
source and interferometer with a scanning reference delay 
arm. This method of low coherence imaging is known as time 
domain OCT (TD-OCT). However, it is also possible to per-
form detection in the Fourier domain using a low coherence 
interferometer with a broadband light source, measuring the 
interference spectrum with a  spectrometer and a high speed 
line scan camera [ 66 ,  74 – 77 ]. This method is known as spec-
tral domain OCT and was fi rst proposed by Fercher et al .  
almost two decades ago in 1995 [ 66 ]. In 2003, three different 
research groups, working independently, demonstrated that 
spectral domain detection has a powerful sensitivity advantage 
over time domain detection, since spectral domain detection 
essentially measures all of the echoes of light simultaneously 
[ 71 ,  78 ,  79 ]. This discovery was a powerful advance in OCT 
research and development. The sensitivity is enhanced by the 
ratio of the axial resolution to the axial imaging depth. For 
most OCT systems, this corresponds to a sensitivity increase 

  Fig. 1.15    First demonstration of intravascular OCT imaging in humans. IVUS ( a ) and OCT ( b ) images of the stented right coronary artery  in vivo . 
OCT clearly visualized tissue prolapse between the stent struts (12–3 o’clock) (From Jang et al. [ 63 ])       
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of 50–100 times, enabling a corresponding increase in imag-
ing speeds. Spectral domain detection is well suited for high 
speed imaging at 800 nm wavelength and has had a powerful 
impact on clinical ophthalmic OCT. 

 Swept source OCT, the second type of Fourier domain detec-
tion, uses an interferometer with a narrow-bandwidth, fre-
quency-swept light source and detectors which measure the 
interference output as a function of time. The basic concept of 
swept source OCT was described in patents as early as 1991 and 
experimental studies in 1997 [ 67 ,  68 ,  80 ,  81 ]. Swept source 
OCT has the advantage that it does not require a spectrometer 
and line scan camera as in spectral domain OCT. Furthermore, 
it can achieve very fast imaging speeds because it is not limited 
by camera reading speed and is potentially lower in cost and 
more compact than spectral domain OCT systems. The primary 
technological challenge in swept source OCT is that it requires 
high speed, swept light sources with narrow linewidths. 

1.6.1     Swept Source/Fourier Domain OCT 

 Swept source/Fourier domain detection uses an interferom-
eter with a narrowband light source which is frequency swept 
in time [ 67 – 69 ,  71 ]. The variation in optical frequency with 
time essentially encodes different time delays into the light 
beam, which can then be detected by interference and Fourier 
transforming. These detection techniques were used in the 
1990s to perform measurements in fi ber optics and photonics 
components [ 82 – 84 ]. Even before the basic concepts of a 
frequency-chirped coherent ranging and imaging, along with 
the associated fundamental signal-to-noise and performance 
equations and system tradeoffs, date back to the 1980s when 
they were widely used in coherent laser radar [ 85 ]. OCT 
using swept source detection was also demonstrated as early 
as 1997 by Chinn et al. [ 67 ] and Golubovic et al. [ 68 ], but the 
sensitivity advantages were not fully recognized and perfor-

mance was limited by the available laser technology. 
Pioneering studies by Yun et al. in 2003 demonstrated OCT 
imaging with 19,000 axial scans per second and 13–14 μm 
axial resolution in air [ 69 ]. Record imaging speeds of 
115,000 axial scans per second were achieved in 2005 using 
a novel swept laser technology based on a grating and rotat-
ing polygon mirror fi lter [ 86 ]. 

 Figure  1.16  shows a schematic of how swept source 
detection works. The output from a narrow bandwidth, fre-
quency swept light source is divided into a signal and a refer-
ence beam. The signal beam is directed onto the tissue to be 
imaged and is backrefl ected or backscattered from internal 
structures at different depths. The reference beam is refl ected 
from a reference mirror at a fi xed delay. The signal and refer-
ence beams have a time offset determined by the path length 
difference, which is related to the depth of the structure in the 
tissue. Because the frequency of the light is swept as a func-
tion of time, the light echoes in the signal beam will have a 
frequency offset from the reference beam. When the signal 
and reference beams interfere, a modulation or beat in inten-
sity is produced at a frequency that is given by this frequency 
offset. Therefore, different echo delays will produce differ-
ent frequency modulations. The echo delays can be mea-
sured by digitizing the photodetector signal over a single 
frequency sweep of the light source, correcting any nonlin-
earity in the frequency sweep as a function of time and then 
Fourier transforming this beat frequency signal. This results 
in an axial scan measurement of the magnitude and echo 
delay of light from the tissue.

   Fourier domain detection measures all of the optical 
echoes at the same time, rather than sequentially as in time 
domain detection. This enables a dramatic improvement in 
detection sensitivity. Swept source/Fourier domain methods 
have the advantage that they can be used at wavelength 
greater than 1,000 nm, where silicon based cameras lack sen-
sitivity and more expensive InGaAs cameras are required. 

  Fig. 1.16    How swept source 
OCT works. Swept source/Fourier 
domain OCT uses an 
interferometer with a narrow 
band, frequency swept laser and 
detectors. The Michelson 
interferometer interferes two 
frequency sweeps which are time 
delayed with respect to each other 
and generates a beat frequency 
which is proportional to the path 
length mismatch ΔL. Fourier 
transforming the beat signal from 
the detector yields axial scan 
information (echo magnitude and 
time delay). Spatial features are 
encoded in frequency, somewhat 
analogous to MR imaging       
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The axial imaging resolution and axial scan rate in swept 
source OCT is determined by the sweep range and sweep 
repetition rate of the laser, respectively. The spectral line-
width of the laser determines the imaging range of imaging 
depth of the OCT system. If the laser can achieve high sweep 
repetition rates, imaging can be performed much faster than 
spectral domain OCT, which is limited by camera read rates. 
The systems also have the potential to be more compact and 
lower in cost, since no spectrometer is needed.  

1.6.2     Light Sources for High Speed OCT 

 Because swept source OCT can achieve high imaging speeds 
at wavelengths of 1,300 nm, it has had a powerful impact on 
intravascular and endoscopic imaging applications. The per-
formance of swept source OCT systems depends directly on 
the swept light source; therefore advances in laser technol-
ogy have become an active area of research in OCT. 

 Swept source 3D-OCT imaging was demonstrated in the 
porcine esophagus and coronary artery at speeds of 10,000 
and 54,000 axial scans/second, respectively [ 87 ,  88 ] in 2006 
and 2007 using swept lasers with a high speed rotating poly-
gon and diffraction grating fi lter. Frequency swept lasers 
consist of a laser gain medium and a tunable fi lter. There is a 
fundamental limit on the tuning rate of a frequency swept 
laser because the light at a given frequency must build up 
from spontaneous emission and be amplifi ed up to a satura-
tion level as the fi lter is tuned [ 89 ]. Therefore, lasers with 
short cavities, which have a rapid round-trip time. can fre-
quency sweep faster than long cavity lasers. The develop-
ment of Fourier domain mode locking (FDML) in 2006 by 
Huber et al .  provided a novel approach for breaking the laser 
speed limit [ 73 ]. FDML lasers use a long optical fi ber delay 
inside the laser, which stores the entire frequency sweep in 
the cavity and synchronously tunes the fi lter such that a given 
frequency arrives at the fi lter when it is tuned to pass it. This 
avoids the need to build up lasing at each frequency and 
enables rapid sweep speeds. Early FDML lasers achieved 
record imaging speeds of 370,000 axial scans per second 
[ 90 ]. FDML technology was enabling for intravascular/
endoscopic as well as ophthalmic applications. Record endo-
scopic imaging speeds of 100,000 axial scans per second 
with 5–7 μm axial image resolution were demonstrated in an 
animal model in 2007 using swept source OCT with FMDL 
lasers [ 91 ]. These high speeds enabled imaging at 50 frames/
second and data rates of 61 megavoxels per second. 3D-OCT 
enables virtual manipulation of tissue geometry, speckle 
reduction, synthesis of  en face  views similar to endoscopic 
images, generation of virtual cross-sectional images with 
arbitrary orientation, and quantitative measurements of 
 morphology. Swept-source OCT was rapidly adopted in 
commercial OCT, where LightLabs introduced the fi rst com-

mercial swept-source OCT for intravascular imaging. 
Figure  1.17  shows an example of high-speed OCT intravas-
cular imaging in an artery  in vivo  using a LightLab prototype 
instrument with and a FDML laser which operates at 45,000 
axial scans/second, acquiring 100 frames per second with a 
15 mm/s pullback speed using contrast injection to remove 
blood from the imaging fi eld. These high imaging speeds 
enable rapid pullbacks, the mapping of long segments of an 
artery, while minimizing ischemia. Human endoscopic OCT 
imaging studies using FDML lasers achieved a 62,000 axial 
scans/second speed with an axial image resolution of 5 μm in 
tissue in 2009 [ 92 ]. Figure  1.18  shows an example of endo-
scopic imaging in the normal human colon. A volume of 
7 × 20 × 1.6 mm and was acquired in 20 s using a rotary fi ber 
optic probe with pullback. Volumetric data enables the gen-
eration of arbitrary cross sections as well as  en face  images 
which display the uniform crypt pattern in the normal epithe-
lium of the colon. The ability to assess the 3D structure of 
crypts is of potential value for future applications in cancer 
detection and treatment. Ophthalmic imaging with speeds 
greater than 1 million axial scans per second have recently 
been achieved using swept source OCT with FDML laser 
technology [ 93 ]. These results suggest the future potential of 
OCT to achieve higher speeds and 3D volumetric imaging.

   In addition to research prototype lasers, commercial swept 
laser technologies also made important advances. The devel-

  Fig. 1.17    High speed intravascular imaging using swept source OCT. 
Intravascular OCT pullback image of human coronary artery  in vivo  
using manual contrast injection. Imaging was performed at 100 frames 
per second, at an axial scan rate of 45,000 axial scans per second. Swept 
source OCT enabled the acquisition of larger data sets with reduced 
imaging times and contrast volumes       
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opment of a compact and robust short cavity swept laser by 
Axsun Technologies enabled intravascular as well as oph-
thalmic applications. Their short cavity swept laser uses a 
tunable fi lter and a gain medium with a few centimeter cavity 
length. This laser was used in the LightLab The C7 XR TM  sys-
tem introduced in 2009 which operated at 50,000 axial scans 
per second to achieve imaging speeds of 100 frames per sec-
ond. Retinal imaging at a 1,050 nm wavelength with a 5.3 μm 
axial resolution was demonstrated at 100,000 axial scans per 
second using the swept laser direct output and 200,000 axial 
scans per second speed was achieved by multiplexing the 
laser sweeps [ 94 ]. The short cavity laser also enabled nar-
rower instantaneous line widths and therefore supported lon-
ger imaging ranges than previous swept lasers. This was an 
important advantage for intravascular OCT which requires a 
long imaging range for imaging larger diameter arteries as 
well as for ophthalmic OCT which requires a long image 
range to achieve wide fi elds on the retina due to retinal cur-
vature. The wide acceptance and large market for ophthalmic 
OCT promises to drive technological advances that can be 
utilized in intravascular OCT. Chapter   15     discusses future 
advances in intravascular OCT.   

1.7     Technology Translation 
and Commercial Development 

 Commercial development is a key step in the translation of 
any new medical technology because it puts reliable technol-
ogy into the hands of clinicians, enabling widespread clinical 
access, facilitating multi-center clinical trials which are ulti-
mately needed to establish effi cacy, support reimbursement 
and ultimately impact patient care. However the process of 
technology translation and commercial development is 
fraught with many technological and clinical challenges, as 
well as engineering, manufacturing and regulatory hurdles. 
These factors can make innovation diffi cult and the path to 
the market long. Both startups and large corporations have 
been involved in the development of intravascular OCT. 

 LightLab Imaging, Inc. (Westford, MA) was founded in 
1998 as an MIT startup. LightLab was acquired by Goodman, 
Ltd. in 2002 and most recently acquired by St. Jude Medical 
in 2010. LightLab/St. Jude developed multiple generations 
of intravascular OCT imaging engines and catheters which 
are summarized in Fig.  1.19 . The fi rst generation intravascu-
lar OCT instrument was the M2 imaging system with which 

  Fig. 1.18    Endoscopic imaging using swept source OCT. 3D-OCT 
images of the human colon  in vivo . ( a )  En face  image constructed by 
axial summation of volumetric dataset.  Dashed lines  show locations of 
cross sections. ( b ,  c ) Cross-sections showing columnar epithelial struc-

ture. ( d ) Enlarged  en face  view of crypt pattern. ( e ) Representative  en 
face  histology of human colon. ( f ) White light endoscopy of region 
imaged by OCT. OCT was performed at 62,000 axial scans per second 
with 6 um axial image resolution (From Adler et al. [ 92 ])       
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the fi rst clinical studies were performed in Europe in 2002. 
The M2 system used time domain detection and operated at 
15 frames per second (200 axial scans per frame at 3,000 
axial scans per second) using saline fl ushing and occlusion. 
Regulatory approval with CE marking in Europe was 
obtained in 2004, followed by a release in China in 2006, and 
Ministry of Health, Labor and Welfare approval in Japan in 
2007. The next generation, M3 system, had increased imag-
ing speeds of 20 frames per second (240 axial scans per 
frame) and was introduced in Japan in 2008. Over 10,000 
cases were performed using time domain OCT with the M2 
and M3 systems providing key insights on engineering 
design and clinical utility. An important advance came with 
the commercial release of swept source domain OCT, which 
dramatically increased imaging speeds, enabling large pull- 
back data sets to be rapidly acquired within a limited acquisi-
tion time required to minimize ischemia. The C7 XR TM  system 
achieved imaging speeds of 100 frames per second (500 
axial scans per frame) and was introduced in Europe in 2009 
and in the U.S. in 2010. The ten times increase in imaging 
speed enabled higher frame rates for improved pullback 
speeds and arterial coverage as well as increased axial scan 
density for improved image quality. Occlusion-free imaging 
also became possible by using a contrast agent rather than a 
saline injection to dilute hematocrit. The most recent genera-
tion systems (Ilumien™ and Illumien Optis™ OCT 
Intravascular Imaging Systems, St. Jude Medical, St. Paul, 

Minnesota) increased imaging speeds even further to 180 
frames per second. These instruments also provide integrated 
FFR and OCT. The high data acquisition rates enable multi-
ple image modes with pullback speeds of 20 or 36 mm/s over 
a pullback length of 55 or 75 mm. From 2004 to 2013, 
Lightlab/St. Jude was the only commercial manufacturer of 
intravascular OCT; therefore, the majority of clinical cases to 
date have been performed using these instruments.

   Intravascular OCT has also been developed by other com-
panies via startup or industry academic partnerships. Terumo 
began development of cardiovascular OCT in 2004, estab-
lishing a co-development program with MGH. A fi rst-in- 
man study using the Terumo Lunawave TM  was reported by 
Okamura et al .  in 2011 at the Rotterdam Thoraxcenter, com-
paring OCT with IVUS and quantitative coronary angiogra-
phy [ 95 ]. In 2013, Terumo announced the fi rst commercial 
release of its intravascular OCT product the Lunawave TM  in 
Europe and Japan. CardioSpectra was a 2005 startup from 
the University of Texas that was acquired by IVUS leader 
Volcano in 2007. Unfortunately in 2013 after several years of 
investment and development, Volcano announced the cancel-
lation of its cardiovascular OCT product development effort 
for a variety of reasons. Avinger is another startup company 
founded in 2007 that uses OCT for guiding atherectomy in 
peripheral arteries and received FDA clearance in 2012. 
These examples illustrate the complexities and challenges of 
translating new medical technologies.  

  Fig. 1.19    Multiple generations of intravascular OCT. Development history of commercial LightLab/St. Jude intravascular imaging technology, 
showing the evolution of OCT systems from time domain to swept source and improvements in performance       
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    Conclusion 

 OCT is a powerful imaging technology in biomedical 
research and medicine because it enables high-speed, high- 
resolution,  in situ  visualization of tissue structure and 
pathology that often cannot be obtained by any other means. 
Figure  1.20  shows a yearly plot of journal publications 
involving OCT. Journal articles are one marker for scientifi c 
development as well as clinical adoption. The largest publi-
cation volume is in ophthalmology. To date OCT has had 
the most clinical impact in ophthalmology where it has 
become the standard of care, providing structural and quan-
titative information that cannot be obtained by any other 
modality. OCT improves the diagnosis of retinal disease as 
well as enables the monitoring of disease progression and 
response to therapy. In ophthalmology, OCT played a sig-
nifi cant role in the development of new pharmaceutical 
therapies for age-related macular degeneration. The second 
largest number of publications at the time of this writing is 
in cardiology. Intravascular OCT has contributed to the 
understanding of a variety of cardiovascular diseases includ-
ing plaque morphology and its role in myocardial infarction 
as well as percutaneous coronary interventions such as stent 
implantation. OCT is clearly a powerful imaging modality 
for cardiovascular research and is increasingly being used in 
everyday clinical decision-making. The number of clinical 
cases has surpassed ~50,000 case per year; however, this is 

a small fraction of the total yearly PCI procedures and the 
extent to which intravascular OCT will become a more 
widely used tool in everyday clinical cardiovascular deci-
sion making, is still to be determined. Extensive clinical 
studies are underway in order to establish to what extent 
OCT will become the standard cardiovascular imaging 
modality as it has become in ophthalmology. OCT could 
have a major impact on morbidity and mortality from heart 
disease and could far surpass its impact in ophthalmology. 
Even if intravascular OCT does not grow to capture a high 
percentage of the large number of worldwide PCI proce-
dures (millions per year), it will likely displace a signifi cant 
fraction of the IVUS market. Its impact in cardiovascular 
medicine has already been substantial and the underlying 
technology is constantly improving. Cardiovascular OCT 
imaging promises to continue to be a key tool for under-
standing and fi ghting cardiovascular disease.
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2.1	 �Introduction

This chapter explains the working principles of state of the 
art intravascular OCT and introduces the relevant parame-
ters to assess the performance of an OCT instrument. 
Correct interpretation of a tomogram requires a basic 
understanding of the underlying physics, especially in the 

presence of potential artifacts. This chapter attempts to 
present this physical background in a language accessible 
to non-physicists.

OCT provides cross-sectional views of the subsurface 
microstructure of biological tissue. It employs interferomet-
ric detection and broad bandwidth laser light to discriminate 
the signal from different depths. Intravascular OCT uses an 
optical fiber-based catheter to deliver a focused laser beam 
onto the vessel wall. The laser spot is scanned over the sur-
face of the lumen by rotation of the catheter to generate a 
cross-sectional view of the vessel. After the basic concepts 
of OCT, we discuss the individual components of an intra-
vascular OCT instrument. Next, light-tissue interactions and 
optical properties of biological tissue are reviewed. Scattering 
is the origin of the OCT signal, but also the mechanism that 
limits imaging depth. We then proceed with elaborating on 
the signal processing steps required to reconstruct a tomo-
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gram. Finally, we discuss noise and detection sensitivity in
OCT and develop the concept of speckle in coherent 
imaging.

2.2	 �Principle of Operation of OCT

2.2.1	 �Frequency Domain Signal

OCT measures the subsurface microstructure of biological 
tissue by discerning light reflected from different depths 
within the sample. Similar to ultrasound imaging, the signal 
from a deeper-lying structure has travelled a longer distance 
and reaches the detector with a delay. The speed of sound is 
sufficiently low to directly record the delay between the 
various echoes from the sample. In contrast, light travels at 
much greater speed that precludes direct detection of the 
delay. Instead, OCT employs interferometric detection and 
compares the signal reflected from the sample with a static 
reference signal. Figure 2.1 displays the basic configuration 
of an OCT instrument. Light from a source covering a wide 
wavelength spectrum is separated by a beam splitter into a 
reference and a sample arm. Biological tissue is partially 
transparent at the employed wavelength range in the near 
infrared. Accordingly, the probing light propagates through 
the sample tissue, and is scattered and reflected by internal 
structure at different depths. Part of this backscattered light 

will reach the detector where it interferes with the light from 
the reference arm that was simply reflected off a mirror. The 
interference signal is converted by the detector into an elec-
trical signal and is of the form

	

P = U +U +U U +U U = P +Pr s
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r s r
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where Ur and Us are proportional to the electromagnetic field 
from the reference and the sample, respectively, and the star 
indicates the complex conjugate. A plane wave of wave-
length λ, propagating along z is expressed as U = U0exp(ikz), 
where i = sqrt(−1), and k = 2π/λ the wavenumber. The refer-
ence field Ur in Eq. 2.1 has simply travelled the distance from 
the source to the reference mirror and back to the detector. 
The sample field Us, however, was reflected at several depths, 
and is the superposition of these individual reflections with 
their respective travelled path lengths. Written as an integral 
over the sample reflectivity profile f(z):

	
U =U z e dzs 0

i kzf∫ ( ) 2
� (2.2)

The relevant axial distance is the path length difference com-
pared to that travelled by the reference field, and the origin of 
z is set at the axial location corresponding to the reference 
arm length, as indicated in Fig. 2.1.

Pdc in Eq. 2.1 corresponds to the light reflected individu-
ally from the reference and the sample arm. Of interest for 
OCT are the two interference signals in Pac.

Optical Frequency Domain Imaging (OFDI) [1] and other 
swept source implementations of OCT use a wavelength-
swept laser source that sweeps a broad wavelength range in 
a short time. As a result, the interference signal recorded as a 
function of time corresponds to the signal as a function of the 
wavenumber k = 2π/λ. The first interference term of Eq. 2.1 
can then be expressed as

	
U U k k f z e dzs r

i kz* ( ) ( ) ( )∞ ∫a − 2
� (2.3)

Here, α(k) is the spectral shape of the source spectrum, and 
f(z) is the reflectivity profile. For a single reflector at depth z, 
the signal varies periodically as a function of the wavenum-
ber. The rate of this variation increases linearly with z.

The integral of Eq.  2.3 can be identified as the Fourier
transformation of the depth profile of the sample reflectivity. 
Recording the signal as a function of the wavenumber is 
equivalent to taking the Fourier transform of the axial reflec-
tivity profile. Accordingly, inverse Fourier transformation of
the recorded signal will reconstruct the tomogram t(z) of the 
sample reflectivity profile:

	
t z = U U k e dk = FT U U ks
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Fig. 2.1  Basic OCT setup, with a beam splitter (BS) separating the 
light into the sample arm towards the tissue, and the reference arm 
towards the mirror, respectively. The plots display the source spectrum 
as well as the resulting interference pattern, and illustrate the recon-
struction process. The tomogram t(z) broadens the discrete reflections 
in the reflection profile f(z) to a full width at half maximum (fwhm) 
characteristic of the OCT system
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The Fourier transformation connects the spatial domain (z) 
with the spatial frequency or wavenumber domain k. This 
transformation is a standard operation and can be per-
formed numerically with very high efficiency using the 
Fast Fourier Transform (FFT). The reconstructed ampli-
tude |t(z)| is proportional to the amplitude of the electro-
magnetic field scattered from the sample at the same depth. 
Generally, one is interested in the squared norm T(z) = |t(z)|2, 
which is proportional to the intensity scattered from the 
sample as a function of depth. Because of the large dynamic 
range covered by the OCT signal, tomograms are displayed 
in logarithmic scale:

	
T z = t z T z = T z = t zdB( ) ( ) ( ) ( )( ) ( )( )2

10 1010 20log log

(2.5)

The fringe signal Pac contains two interference terms with 
mirror symmetry. If the first term results in a tomogram 

t(z), then the second term produces a tomogram t(−z), 
mirrored about the zero differential path length, as illus-
trated in Fig. 2.1. Generally, this results in a disturbing 
overlap that can be avoided by adjusting sufficient path 
length difference between the reference and the sample 
arm, or by employing additional strategies to separate the 
two terms.

Although the reconstructed tomogram is a close 
image of the original structure, the spectral shape of the 
source effectively performs a weighting of the spatial 
frequency spectrum. Only the range of spatial frequen-
cies covered by the employed light source is accessible. 
As a result, the reconstructed signal is a filtered image of 
the original structure, expressed by the convolution of 
the original reflectivity profile with the point spread 
function (PSF) of the OCT system. This PSF is equiva-
lent to the inverse Fourier transform of the spectral shape
function a(z) = FT−1{α(k)}. The tomogram t(z) can be 
expressed as

		
t z = U U k e dk z’ a z z’ dz’= f z * a zs

*
r

i kz( ) ( ) ∝ ( ) ( ) ( ) ( )∫ ∫2 f − � (2.6)

with the star symbol indicating the convolution operator. a(z) 
is the coherence function of a light source with the power 
spectral density α(k), explaining the origin of the term ‘opti-
cal coherence tomography’.

As illustrated in Fig. 2.1, a single reflector in the original 
sample reflectivity function results in a peak of a finite width 
in the reconstructed tomogram. Assuming a source spectrum 
with a Gaussian shape, the full width at half maximum (fwhm) 
of the spectrum as a function of wavenumber is related to the 
fwhm of the peak in the reconstructed tomogram by
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The wider the spectrum covered by the light source, the 
better the structure of the axial tomogram is resolved. 
Indeed, the axial resolution scales with 1/Δλ and the 
square of the central wavelength λc

2. Although the central 
wavelength of the source should be minimized to increase 
axial resolution, tissue absorption and scattering are 
increased at shorter wavelengths and diminish imaging 
penetration depth, as discussed in more detail in Sect. 2.4.2. 
Most OCT sources for intravascular imaging operate at a 
center wavelength close to 1,300  nm and have spectral 
widths of ~100  nm fwhm, providing an axial resolution 
below 10 μm.

Real OCT sources do not produce Gaussian spectral 
shapes, but aim at providing a very broad spectrum with a 
smooth shape. Because of the Fourier relation between the
spectral shape and the PSF of OCT, any ripples or spikes in

the spectrum would severely degrade the resulting 
tomogram.

2.2.2	 �Imaging Lateral Structure

In order to resolve structure in the lateral direction, the probe 
beam is focused into a small spot. It is then scanned in the 
lateral direction while constantly acquiring A-lines. At each 
scan location, the axial depth profile is acquired by one 
wavelength-sweep of the light source, resulting in one 
A-line. Assembling all A-lines of a lateral scan into a B-scan 
results in a cross-sectional image. The collection of multiple 
B-scans while scanning along the remaining spatial coordi-
nate represents a three dimensional tomogram and is some-
times referred to as C-scan.

For intravascular imaging and probe-based imaging of
other luminal organs, the natural way to scan a spot over the 
cylindrical inner surface of the organ is by rotating a side-
looking imaging probe in the center of the lumen, as illus-
trated in Fig. 2.2. In a similar way, the collection of A-lines 
recorded during one rotational scan can then be assembled 
into the cross-sectional view of the vessel. In combination 
with a pull-back of the imaging probe, a helical scan pattern 
over the lumen surface is finally obtained, recording a full 
three-dimensional image of the organ.

The shape of the laser spot on the tissue determines the 
lateral resolution of the imaging instrument. Light emitted 
from a laser source is characterized by its high spatial coher-
ence, resulting in well-defined wavefronts, whose 
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propagation can be accurately modeled with the Gaussian 
beam formalism, summarized in Fig. 2.3. A Gaussian beam 
is characterized by a Gaussian-shaped amplitude and inten-
sity distribution in the lateral direction, with w designating 
the beam radius at the point where the field amplitude has 
diminished to e−1 of the peak value and accordingly the 
intensity has dropped to e−2, where e is Euler’s number. The 
minimum radius or waist, at the focus, is designated w0. 
The collapse of a beam approaching a focus is mirrored sym-
metrically by expansion of the diameter (diffraction) as the 
beam propagates beyond the focus. The smaller the focal 
spot diameter, the more rapid the collapse and expansion. At 
a distance z0 = (1/2)kw0

2, the waist has increased by a factor 
sqrt(2). The Rayleigh-range of length 2z0, centered on the 
focal plane is used to define the depth of field (DOF).
Structure within the DOF is imaged with a lateral definition
of within a factor of sqrt(2) of that at the focal plane. Sample 
regions outside the DOF are considered out of focus, and

suffer from dramatically reduced lateral resolution and sig-
nal amplitude. If the DOF is matched to the typical image
penetration depth of OCT within coronary tissue (~2 mm), 
then the lateral resolution is limited to approximately 20 μm.

A key feature of OCT is the decoupling of axial and lat-
eral resolution. Whereas the source characteristics determine 
the axial resolution, the lateral resolution is defined through 
the focusing optics. The DOF and the lateral focus are
directly coupled, however, and impose a limit on the lateral 
focusing.

2.3	 �Instrumentation

2.3.1	 �Interferometer

The ability to couple a coherent laser beam into a glass fiber 
and propagate the light within this fiber with only minimal 
loss has enabled modern telecommunication technology and 
facilitated many other applications involving laser light.

A single mode fiber consists in a thin glass core of 
5–10 μm diameter, embedded in a slightly lower refractive 
index glass cladding. Although it is made of glass, the very 
small diameter of this structure ensures that the fiber remains 
flexible on the scale of centimeters and can be conveniently 
manipulated and configured.

The refractive index difference between the core and the 
cladding confines the light close to the core, similar to total 
internal reflection. Because the diameter of the core is so 
small, it accepts only a single spatial mode. This ensures that 
the light propagating along the fiber remains coherent and 
the beam emerging from the fiber is identical to the beam 
that was coupled into the fiber. The spatial shape of this 
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mode can be approximated by a Gaussian mode. At the fiber 
facet, this mode exits the fiber and emerges as focused 
Gaussian spot that will inevitably diffract according to 
Gaussian beam propagation. Within the fiber, however, this 
intensity profile propagates unaltered, confined by the fiber 
structure.

Unlike free space components, fiber optics do not have to 
be aligned as the light is inherently guided within the fiber, 
and make robust and rugged optical systems. Catheter-based 
imaging probes are only possible due to the flexibility of 
optical fibers and offer the ability to relay an optical signal to 
and from the coronary arteries.

Figure 2.4 displays the schematic of a fiber-based intra-
vascular OCT system [2]. The fiber carrying the source light 
is divided into two fibers, creating the sample and reference 
paths. Both signals are then fed through a fiber circulator. 
These non-reciprocal elements enable to efficiently relay the 
signals to the sample and the reference mirror, and the sig-
nals reflected from there to the detector. Unlike the double 
pass through the beam splitter of the free-space configura-
tion, which directs half of the reflected signal back towards 
the light source, the circulators prevent this signal loss and 
provide an inherent signal advantage.

The optical path length of the sample and the reference 
arm must match precisely. Accordingly, the reference arm 
consists of several meters of fiber to compensate the catheter 
length of the sample arm. The reference mirror is mounted 
on a translation stage to enable rapid and easy adjustment of 
the precise path length.

At the detector, the sample field is combined with the 
reference field to interfere, by means of a fiber coupler or 
free-space beam splitter. In the Mach-Zehnder configura-
tion displayed in Fig. 2.4, both outputs of the beam splitter 
feature an interference signal. Due to the law of energy 
conversation, the intensity of the two output signals 
together equal the intensity of the two input signals. 
Accordingly, a sample reflection that interferes construc-
tively in one exit port features destructive interference in 

the other port. Mathematically, the sign of the interference 
terms in Eq. 2.1 is inverted between the two outputs. This 
opens the possibility of balanced detection: Detecting 
independently both interference signals, but digitizing 
only their difference effectively eliminates the Pdc of 
Eq. 2.1 and conserves only the interference terms of inter-
est. This approach also removes amplitude noise that is 
common to both channels. The reference signal frequently 
exceeds the sample signal by orders of magnitude and 
makes this detection scheme attractive by using the entire 
available dynamic range of the electronics for the interfer-
ence signal.

It is important to consider that electromagnetic waves are 
vector waves and their oscillations are beating in a spatial 
direction. In the realm of paraxial optics, which is well suited 
to describe OCT and only excludes very tightly focused 
beams, the field oscillations are orthogonal to the direction 
of the beam propagation. If the vibrations are confined to a 
single direction along the entire propagating beam, the light 
is said to be linearly polarized. In general, a field oscillates in 
an elliptical fashion and can be described as the superposi-
tion of a beam with linear polarization along the horizontal 
direction and an identical beam, but polarized in the vertical 
direction and with a specific delay with respect to the hori-
zontally polarized beam:
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γ determines the ratio between the two orthogonal polariza-
tion states, and δ defines the phase offset. Equation  2.7 
describes the “Jones vector” of the field U. At the detector, 
only the part of the sample field that is polarized identical to 
the reference field will interfere with that reference signal. 
Writing the interference term for vector fields gives
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where the dagger denotes the complex transpose. The sam-
ple field can be decomposed into a component parallel to the 
reference field, and a component orthogonal to it. The prod-
uct with this latter cancels out and does not contribute to the 
interference signal.

Although its spatial profile is confined, the polarization 
state of light generally alters upon propagation along a single 
mode fiber. Indeed, this phenomenon is quite sensitive to 
bending and pressure applied to the fiber. A controlled 
amount of bending and twisting enables effectively to con-
trol and align the polarization state of the reference signal. In 
the practical case of catheter-based imaging, however, the 
sample fiber is manipulated and moved during the acquisi-
tion, and it is impossible to control the polarization state of 
the sample light. Further, the imaged tissue might exhibit
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Fig. 2.4  Schematic layout of fiber-based interferometer for catheter-
based imaging. RJ Rotary Junction, BS Beam Splitter, PBS Polarizing 
Beam Splitter, PC Polarization controller, LP Linear Polarizer, BR 
Balanced Receiver, A/D Analog to Digital converter
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birefringence and specifically alter the polarization state of 
the propagating probe beam.

To overcome the inability to control the polarization 
state of the sample light and avoid artifacts in the tomo-
gram due to changes in the polarization state of the sample 
light, polarization diverse detection, as displayed in 
Fig. 2.4, is needed. The combined reference and sample 
signal is projected along two orthogonal linear polariza-
tions by means of polarizing beam splitters. The reference 
light is adjusted to be linearly polarized at 45° in front of 
the detector with polarization controllers and a linear polar-
izer. This ensures an equal splitting of the reference signal 
into both polarization channels. The unknown sample 
polarization state is split into the same polarization basis. 
Each part of the sample light is now polarized in parallel 
with the local reference signal and creates the desired inter-
ference signal:

	

h channel

v channel

-

-

:

:

U U = U U

U U = U U

s
h *

r
h

s
h *

r

s
v *

r
v

s
v *

r

( ) ( )
( ) ( ) �

(2.10)

Taking the sum of the tomograms of both polarization chan-
nels Ttot(z) = Tv(z) + Th(z) provides a signal that is invariant of 
the precise sample polarization and is robust with respect to 
movement of the sample fiber.

2.3.2	 �Light Source

The ideal OCT light source for intravascular imaging should 
provide a rapid sweep of wavelengths over a wide spectrum 
centered around 1,300  nm. The width of the spectrum 
together with the smoothness of the spectral shape will define 
the axial width of the OCT PSF.

Developments in source technology have enabled a dra-
matic increase in OCT imaging speed. Although A-lines 
rates in the MHz range have been demonstrated, the digitiza-
tion of the resulting interference signal becomes challenging 
[3, 4]. Also, at constant source power, an increase of sweep 
speed translates directly to a reduced number of photons, and 
results in a decreased signal strength and depth of imaging 
penetration. Current commercial instruments operate at 
A-line rates around 100 kHz.

The working principle of all sources is a broadband gain 
medium combined with a wavelength-tunable filter, which 
selects a narrow wavelength range at each instant in time. 
There is a wide range of physical implementations, ranging 
from fiber-based sources consisting in a combination of 
fiber-optic elements, to fully integrated micro-electro-
mechanical systems (MEMS). Most sources produce an out-
put power between 20–60  mW, resulting typically in 
~8–20 mW power incident on the tissue.

Besides the A-line rate and the output power, important 
characteristics of a source are its duty cycle, the sweep lin-
earity, and the instantaneous line width. The duty cycle 
expresses how much dead time passes between consecutive 
scans and should be high to optimally use the bandwidth of 
the detection electronics. The ideal sweep varies the wave-
number linearly with time. Any deviation has to be compen-
sated with either a non-uniform sampling clock or 
interpolation of the digitized signal. Both can become chal-
lenging for strong non-linearity.

At each instant in time, any source will generate a spectral 
line of finite width, rather than a pure monochromatic signal. 
In consequence, the interference pattern does not sample a 
single spatial frequency at each time, but a narrow peak with 
a finite width. The larger the path length difference between 
a sample feature and the reference arm, the faster the modu-
lation of its wavenumber signal. Variations within the finite 
spectral width of the source wash out and result in a decreased 
signal amplitude in the reconstructed tomogram. 
Mathematically, the sample spatial frequency spectrum is 
convolved with the instantaneous spectral shape. After 
reconstruction of the tomogram, this convolution translates 
into multiplication with the Fourier transform of the finite
line width in the spatial domain, which is illustrated in 
Fig. 2.5.

The best signal amplitude is obtained at zero path length 
difference. However, to separate the tomogram from its mir-
ror term, an additional path length difference is frequently 
introduced. This works well for sources with a very low roll-
off and a very narrow instantaneous line width. Alternatively, 
it is possible to place an acousto-optic modulator in the refer-
ence arm [5]. Modulating the reference signal at a ¼ of the 
acquisition frequency has a similar effect as moving the ref-
erence arm by a distance equivalent to ¼ of the entire imaged 
depth range. Unlike a physical increase of the path differ-
ence, this reference arm modulation does not alter the spatial 
frequency spectrum and avoids a signal wash out. Instead, it 
axially shifts both the tomogram and the roll-off curve, and 
enables a separation of the two mirror terms, without trading 
off any sensitivity, as demonstrated in Fig. 2.5.

2.3.3	 �Catheter

The catheter is connected through the rotatory junction with 
the interferometer and relays the signal to and from the probe 
tip. It consists in a stationary narrow diameter (typically 
0.87 mm) sheath that contains the rotating probe. The probe 
is fabricated from a single mode fiber and at its distal tip the 
light emerging from the core of the fiber is reflected to the 
side and focused through the transparent sheath material 
onto the lumen surface. The fiber does not tolerate rotational 
shear forces well and is embedded in a drive shaft. It consists 
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of a coiled spring to preserve the flexibility of the catheter 
and transmit the torque from the rotary junction to the probe 
tip. This probe assembly can also be translated in the axial 
direction within the sheath to perform the required 
pull-back.

There are two types of distal optics to focus the fiber 
mode onto the lumen. One uses a ball lens design, and the 
other a graded index (GRIN) lens. The ball lens is fabricated 
by splicing a segment of pure, homogenous glass fiber (or 
“core-less” fiber) to the single mode fiber facet. The tip is 
then melted to create a drop-shaped glass ball by surface ten-
sion. Light emerging from the fiber core diffracts in the core-
less medium and is refracted at the ball lens surface to 
converge into a focused spot. To obtain a side looking probe, 
the ball lens is angle polished to reflect the light by total 
internal reflection and to use the side of the glass-ball as the 
refracting surface.

Alternatively, a GRIN lens or GRIN fiber consists in a 
fiber-like element with a radially varying refractive index 
distribution. Propagation through this element is similar to 
propagation through a classical lens. Splicing an optimized 
sequence of core-less fiber, GRIN fiber and again core-less 
fiber at the facet of the probe fiber enables to generate the 
desired focal spot. Reflection to the side is achieved by a 
microprism, glued to the distal tip of the fiber optics.

Both probe types achieve focused spots having radii of 
20–25 μm, and corresponding fwhm of the lateral PSF of
25–30 μm. However, the refraction of the beam at the curved 
sheath-tissue interface induces aberrations on the beam that 
can degrade its focusing and introduce an asymmetry 
between the direction along and transverse to the catheter 
axis. Interestingly, the imperfect shape of the ball lens in the 
lateral direction may be used to compensate for these aberra-
tions. Ideally, the focus should be located just beneath the 
surface of the vessel lumen to match the depth-of-field to the 
available image penetration, and is targeted at ~1.5 mm from 
the sheath surface.

In order to suppress strong reflections from the sheath 
interface and guarantee total internal reflection in case of an 
angle polished reflector, the beam is usually reflected at an 
angle smaller than 90 deg. Accordingly, the resulting cross-
sectional views correspond to conical cross-sections through 
the tissue volume.

Figure 2.6 displays schematics and photographs of two 
commercial catheters. The catheters have radio-opaque 
markers for visualization on the angiogram, and a provision 
for a thin (0.0014″) guide-wire for deployment.

2.3.4	 �Rotary Junction

The rotary junction connects the interferometer with the 
catheter and defines the helical scan pattern of the optical 
probe. As schematically displayed in Fig. 2.7, it consists in a 
static collimation lens on the interferometer side, and a sec-
ond lens on the catheter side that rotates together with the 
probe and couples the collimated beam back into a single-
mode fiber. The alignment of these lenses is very sensitive 
and critical to avoid a strong rotational variation of the power 
coupled to the fiber probe. Physically, the proximal end of 
catheter is connected to this rotating fiber.

The rotation speed of the probe is matched to B-scan rate 
of the imaging system. Current commercial instruments 
image at up to 158 rotations per second, acquiring 1,000 
A-scans per B-scan, and performing pull-backs at speeds of 
up to 40 mm/s over a length of 150 mm.

The rotational torque generated by the rotary junction is 
coupled to the drive shaft. The friction of the probe rotating 
inside the sheath can generate a backlash between the probe 
base and the probe tip, because the drive shaft acts as a 
spring. The angular position of the motor therefore may not 
accurately represent the angular position of the probe tip, 
which can complicate the interpretation of the acquired 
volume. If, in addition, the friction depends on the angular 
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position of the probe, then the probe movement might induce 
a non-uniform rotational distortion (NURD) in the acquired 
cross-sections [6, 7]. Small amounts of NURD might not be 
apparent in a cross-sectional image, but can alter the per-
ceived geometry of the lumen surface.

2.4	 �Light Tissue Interaction

2.4.1	 �Light Propagation in Biological Tissue

Inside an optical medium, the propagation of light is impacted 
by the spatial distribution of the refractive index. At a discrete 

interface between two regions with distinct refractive indi-
ces, part of the incident light is reflected and the transmitted 
part is refracted. The effect of reflection and refraction for 
more complex geometries of the refractive index distribution 
is described as elastic scattering. Unlike non-linear effects 
and fluorescence, elastic scattering conserves the wavelength 
of the scattered field. Scattering is the origin of the OCT sig-
nal, and the scattering properties of tissue define its appear-
ance in OCT. At the same time, scattering also deteriorates 
the propagating beam and limits the imaging depth. 
Figure 2.8 illustrates scattering of the probe light by a tissue 
sample.

Maxwell’s equations describe the propagation of an elec-
tromagnetic field [8]. Inside a dielectric medium, such as 
biological tissue at optical frequencies, these equations 
depend solely on the refractive index distribution. In a homo-
geneous medium with a constant refractive index n, 
Maxwell’s equations reduce to the wave equation. For a
monochromatic field it is expressed as:
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Here, k = k0n relates the wavenumber in vacuum to 
the  wavenumber inside the medium, and ∇2 is the Lapla
cian.  As discussed previously, the plane wave 
U = U0exp(ikz) = U0exp(ik0nz) and the Gaussian beam are par-
ticular solutions to this equation. The refractive index short-
ens the effective wavelength inside the medium, and two 
consecutive wavefronts are only an axial distance of Δz = λ0/n 
apart. Alternatively, the refractive index can be added to 
the geometric distance, defining the optical path length (OPL) 
as the product OPL = nz. In this view, the two consecutive 

Static fiber
and lens

Rotating lens, fiber,
and fiber connector

Static sheath

CatheterPull back

a

b

Fig. 2.7  (a) Schematic presentation of the rotary junction. (b) 
Photograph of rotary junction

Drive-shaft SheathCore-less 
Fiber

Ball lens

Gradient index lens

Total internal reflection

Micro prism

a b

c

Fig. 2.6  (a) Working principle 
of fiber-optic probes, for a 
ball-lens probe (top) and a 
graded index lens (bottom). 
Photographs of commercial 
catheters from Terumo (b) and St 
Jude Medical (c)

M.L. Villiger and B.E. Bouma



31

wavefronts are still an OPL of λ0 apart from each other. In 
OCT, a signal originating from a depth L1 inside a medium of 
refractive index n1 is indiscernible from a signal created with 
different n2 and L2, but identical OPL = n1L1 = n2L2. OCT mea-
sures effectively the OPL, and deriving the geometric dis-
tances L requires knowledge of n.

Absorption is an additional light-tissue interaction that 
reduces the energy of the propagating beam by transforming 
part of the energy into heat. At OCT wavelengths, its effect can 
be generally ignored, but it can be included into the refractive 
index by defining a complex valued refractive index n′ = n + iκ. 
Substituting into the plane wave expression and converting to 
intensity results in I(z) = |U0|2exp(−2k0κz) and reveals the Beer-
Lambert’s law of absorption with the absorption coefficient 
μa = 2 k0κ.

At a discrete interface between two distinct dielectric 
media, the boundary conditions, imposed by the continuity 
of the electromagnetic field expressions, define the ratio of 
reflected and transmitted light. It is a function of both the 
incident angle and the polarization state, and is summarized 
by Fresnel’s equations for a planar boundary. The transmit-
ted light is refracted according to Snell’s law.

The geometry of the refractive index variations in bio-
logical tissue is more involved. Different tissue compo-
nents, down to sub-cellular compartments, feature distinct 
refractive indices and locally reflect and refract, i.e. scatter, 
light. The size of these features is below the resolution of 
OCT, and for many features even smaller than the 
wavelength.

The spatial refractive index distribution in biological tissue 
can be modeled as a continuous function, defined by its auto-
correlation function, with the organization of its spatial fluctua-
tions following a fractal mechanism, where large variations 
dominate over smaller scale variations according to a power 
law [9–11]. This matches well with the architecture of tissue, 
being composed of cells, which are similar to each other, com-

prising themselves smaller compartments that again are self-
similar. It is also possible to model tissue as an agglomeration 
of discrete particles with fractal size distributions [12, 13].

In a dielectric medium with a continuously varying refrac-
tive index, the scalar wave equation transforms to:
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The shape of the propagating wave is influenced by the 
refractive index distribution, and analytical solutions for this 
inhomogeneous differential equation become involved.

Assuming that the refractive index n = <n > + δn varies 
only slightly around its average value < n > and that δn is 
small, the first order Born approximation expresses the scat-
tered field as [14]:
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In this approximation, the incident field Ui propagates in a 
homogeneous medium of refractive index < n>. At each loca-
tion it creates a light source proportional to the incident field 
and the scattering potential χ = (n - < n>)2 that emits the scat-
tered field Us, which propagates again in a homogeneous 
medium of refractive index < n > .

Using this model, it can be shown that OCT creates an 
image of the scattering potential χ(r) [15, 16]. The tomogram 
is a convolution of the scattering potential with the lateral 
beam profile in the lateral direction, and the axial PSF a(z) in 
the axial direction. a(z) is defined through the spectrum of 
the light source and only gives access to the corresponding 
axial spatial frequencies. It excludes low frequencies, and 
makes the OCT signal sensitive to abrupt variations of the 
scattering potential. The axial reflectivity profile f(z) from 
Eqs. 2.2, 2.3, 2.4, 2.5 and 2.6 could be replaced with the scat-
tering potential χ(z).

The first order Born approximation ignores the impact of 
the refractive index variations on the propagating beam, and 
likewise on the scattered field. In reality, the continuous scat-
tering degrades the advancing beam and severely impairs the 
ability to image deep into a scattering sample.

2.4.2	 �Tissue Optical Properties

Instead of describing tissue as a local refractive index distri-
bution, its optical properties are generally expressed on a 
larger scale. This is equivalent to analyzing an entire slab of 
tissue and measuring the scattered and absorbed light with-
out attempting to resolve any spatial structure. It is then pos-
sible to express in a statistical way, how frequently and in 
what way incident light interacts with the tissue. In this view, 
the incident beam is split into many independent beams, each 
of which experiences a sequence of random interactions with 
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Fig. 2.8  The incident light Ui(r) illuminates the sample and creates the 
scattered field Us(r). Only light scattered in the backward direction is 
collected by the sample lens and contributes to the OCT signal
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the medium. The combined effect on the independent beams 
matches the large-scale observations.

The scattering mean free path (MFP) expresses the aver-
age distance between two scattering and absorption events as 
the inverse of the attenuation coefficient μt:
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Here, μa is the absorption coefficient, and μs the scattering coef-
ficient of the tissue. As shown in Fig. 2.9, in the near infrared 
wavelength range and for biological tissues, absorption is gener-
ally low, μs > > μa, and scattering dominates. Typical scattering 
coefficients for biological tissue, such as the coronary artery 
wall, are in the range of 5–10 mm−1, corresponding to a MFP of
100–200 μm. A comprehensive review of tissue optical proper-
ties is given for instance by Jacques [17].

Conceptually, the tissue can be visualized as a distribution 
of discrete scattering particles having a characteristic cross-
section. The MFP is the average distance travelled before
hitting another particle. The scattering coefficient depends 
both on the density and the cross-section of the particles. At 
the scattering site, the light is deflected by a random angle, 
defined by the scattering function  – a probability density 
function characteristic for the particle. Particles many times 
smaller than the wavelength, such as individual molecules, 
scatter light uniformly in all directions, giving rise to 
Rayleigh scattering. For particles of a size similar to the
wavelength, however, the phase difference between light 
scattered from different locations on the particle can create 
interference effects, resulting in the strong angular variations 
of Mie-scattering. For even larger particles the scattering is
directed primarily in the forward direction. The anisotropy 

factor g, ranging from −1 to 1, expresses the degree of for-
ward scattering, which is dominant in biological tissue with 
a g typically in the range 0.8–1.

The OCT signal arises from light that is scattered in the 
backward direction and is captured by the imaging optics. 
According to the high anisotropy of biological tissue, only a 
small fraction of the light is backscattered, whereas the 
majority of the light is scattered in the forward direction. The 
precise amount of backscattering, however, depends on the 
scattering function of the specific sample, and can vary sub-
stantially between different tissues.

Most efforts on modeling attenuation in OCT rely on a 
single-scattering model, which assumes that light contribut-
ing to the OCT signal experienced a single backscattering 
event [18–20]. In this case, the incident beam was not altered 
by forward scattering and retained its original shape. However, 
this signal can only originate from within the MFP of the tis-
sue, i.e. 100–200 μm. A series of forward-directed scattering 
events, followed by one backscatter and again several forward 
scattering events also contributes to the OCT tomogram, and 
would be difficult to distinguish from a single backscattered 
signal. The strong forward scattering gradually degrades the 
propagating wave, but its general shape and propagation 
direction is retained for several scattering events. This is 
accounted for in the transport mean free path (TMFP)

	

TMFP=
’
=

gs s

1 1

1m m −( ) �
(2.15)

and is consistent with the imaging depths of 1–2 mm and the 
resolution degradation with depth frequently encountered in 
OCT. Beyond the TMFP, an incident waveform is truly ran-
domized, and although it might still contribute to the OCT 
signal, it no longer conveys spatial information.

The optical properties of the arterial wall and atheroscle-
rotic lesions are quite amenable to optical imaging. The char-
acteristics used to identify different plaque types rely on the 
visual recognition of their tissue properties. Quantitative 
analysis of the attenuation coefficient has also been investi-
gated [19, 21, 22]. The arterial layers of a healthy vessel fea-
ture a low attenuation, which is barely noticeable over the 
thickness of the layers. The amount of backscattering, how-
ever, is decreased in the media, accounting for its lower signal 
compared to the intima and the adventitia. Fibrous plaques
give rise to strong backscattering and moderate attenuation, 
whereas calcifications appear as nearly signal void regions, 
with both very low backscattering and attenuation. The typi-
cal feature of a lipid plaque is a rapid signal decay, masking 
any deeper lying structure, consistent with high attenuation.

Absorption is almost negligible in the employed wave-
length range of OCT, as indicated in Fig. 2.9. Towards the vis-
ible wavelengths, blood absorption becomes important, and 
moving towards longer wavelengths, above 1.36 μm, water 
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absorption begins to influence penetration depth. Figure 2.9 
also displays the scattering coefficients for some tissues. As 
expected, scattering is stronger than absorption in the wave-
length range of OCT.  Scattering decreases with increasing 
wavelength, which could motivate the use of longer wave-
length laser sources [23]. Although its absorption is not limit-
ing at OCT wavelengths, imaging through blood is precluded 
by its strong attenuation due to a high scattering. Saline or 
contrast agent flushing is required to dilute the hematocrit dur-
ing imaging and offer a clear view onto the vessel wall.

2.5	 �Imaging with Intravascular OCT

2.5.1	 �Tomographic Reconstruction

To summarize and provide a more complete description, in 
order to obtain a tomographic view of a coronary artery from 
the acquired interference fringes the following reconstruc-
tion steps are performed:
	1.	 Preconditioning of the fringe signal, including eventual 

background subtraction, depth-degeneracy removal, 
interpolation in linear wavenumber, dispersion compen-
sation, and spectral shaping:

	
P t U U ks

*
rdet ( ) → ( ) 	

2. FFT of the fringe signal from wavenumber to depth
coordinate:

	
t z = FFT U U ks

*
r( ) ( ){ } 	

3.	 Log compression, possibly summing the signal from the 
two detection channels if polarization diverse detection 
was performed, and conversion to a gray scale image:
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4.	 Scaling of depth axis and determination of apparent cen-
ter of catheter:
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5.	 Interpolation of B-scan in Cartesian coordinates:
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The preconditioning of the fringe signal depends on the spe-
cific OCT system. Even if balanced detection is employed, a 

residual background frequently persists, which can introduce 
fix-pattern noise in the reconstructed tomogram. This back-
ground can be measured at the beginning of an acquisition and 
subtracted from all recorded signals. The depth-degeneracy 
removal requires some additional processing steps, if imple-
mented. Next, if the acquisition was not performed at equidis-
tant wavenumber points, the fringe signal is interpolated. The 
presence of a physical dispersion imbalance between the two 
interferometer arms can corrupt the tomogram by broadening 
of the axial PSF. Material dispersion describes the OPL as a
function of wavelength. Whereas a linear variation of the OPL 
simply alters the group velocity and hence the apparent arm 
length, both arms must have matching group velocity disper-
sion (GVD) and higher order dispersion. Although fiber optic 
components have little GVD at 1,310 nm, the effect of varia-
tions between different fibers and additional optical compo-
nents may require correction. This can be achieved numerically 
by multiplying the fringe signal with a calibrated complex 
phase signal. Lastly, the fringe spectrum can be multiplied 
with a window function to favorably tailor its shape and reduce 
ringing artifacts in the axial point spread function.

The FFT can be zero padded to enhance the appearance of
the tomogram. After summing both detection channels in case 
of polarization diverse detection, the logarithm of the tomo-
gram is adjusted to the background noise level (BGR), and 
divided by the dynamic range (DR) to obtain a normalized gray 
scale image. The background value is frequently chosen as the 
average noise signal, effectively scaling the resulting dB signal 
to signal to noise ratio. Exporting the final gray scale image 
with 255 gray levels, a dynamic range of 50–60 dB is most 
appropriate to maximize the image contrast (see Sect. 2.5.3).

The FFT transforms the wavenumber signal to a tomo-
gram as function of optical path length. In order to derive 
geometric distances, the group refractive index of the sample 
medium must be known. Assuming it to be constant through-
out the entire imaged region allows to directly scale the 
recovered OPL to obtain z′ = OPL/ng. Here, the group refrac-
tive index ng is used, to extend on the previous discussion of 
Sect. 2.4.1, which assumed a non-dispersive medium where 
the phase and group refractive indices are identical n = ng.

Yet, up to the outer surface of the sheath, the catheter con-
sists of a sequence of materials with strongly varying refrac-
tive indices (glass, air, sheath material). The axial position of 
these interfaces is clearly visible in the tomogram and 
Fig. 2.10 demonstrates the distortions that scaling with a 
constant ng = 1.33 of saline introduces in areas of distinct ng. 
Conveniently, the precise position of these elements is irrel-
evant for intravascular imaging. However, the measurement 
of the lumen area and vessel diameters is crucial for the 
selection of stents and planning of landing zones. For these
measurements to be accurate, ng of the flushing medium 
should be known, as it can vary between saline and radiocon-
trast agent. The correct selection of ng for the flushing 
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medium ensures correct measurements of the lumen dimen-
sions. Inside the vessel wall, however, the refractive index 
might again be different and could result in skewed measure-
ments of plaque geometries.

The last step is the transformation from cylindrical coor-
dinates, in which the A-lines were acquired by circumferen-
tial scanning, to Cartesian coordinates. This offers an 
undistorted cross-sectional view of the coronary arteries. 
With the employed scaling of the depth coordinate, the ori-
gin of the radial z coordinate is selected to match the outer 
radius of the sheath to its corresponding geometric radius, as 
illustrated in Fig. 2.10.

2.5.2	 �Sampling

Because the OCT signal is measured in the frequency 
domain, there is no risk of under-sampling the axial signal, 
i.e. the axial points along the reconstructed tomogram are 
always more densely spaced than the resolution. Taking into 
account the group refractive index of the sample, the axial 
resolution from Eq. 2.6 is modified to
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The axial spacing of two depth pixels in the original tomo-
gram (before transformation to the circular view) and the 
one-sided maximum depth range, i.e. the depth range of one 
of the mirror terms are defined by:
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where δk is the spacing of the equidistant wavenumber sam-
pling points, and Nfft is the possibly zero-padded length of an 
A-line before the FFT.

In the lateral directions, the resolution is given by the 
dimensions of the focal spot in the sample. The spacing of 
the A-lines is imposed by the A-line rate fA and the rotational 
speed of the catheter, defining NA, the number of A-lines per 
B-scan. Because of the rotation of the probe, two adjacent 
A-lines are separated by an angle δφ, and the lateral offset 
depends on the radial location along depth:
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2
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In order to correctly sample lateral structure according to the 
Nyquist criterion, at least two sampling points per resolution 
width are required. With a lateral fwhm of 25  μm, and 
NA = 1,024, the tissue is correctly sampled up to a radial posi-
tion of ~2 mm.

Along the pull-back direction, the spacing between adja-
cent B-scans is usually more significant, leading to an under-
sampling along this direction. Sampling in this direction is 
defined by the pull-back speed vpb, divided by the B-scan rate:

	
d L=

v N

f
pb A

A �
(2.19)

Although longitudinal cross-sectional views offer impor-
tant insight into the vessel geometry, these views may be 
unsuitable for investigation of detailed plaque 
morphology.

Because the true scan pattern is helical, the start and end 
points of a B-scan do not correspond to the same location 
on  the vessel lumen. Additional heartbeat motion further 
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Fig. 2.10  Demonstration of transformation from cylindrical to 
Cartesian coordinates. In the cylindrical view, the scale bar of 1 mm is 
only indicated along the depth axiss, as the lateral direction corresponds 
to the angular catheter position. After circularizing around the deter-
mined apparent center of the catheter, an undistorted Cartesian view is 

obtained. The line plot on the left hand side indicates the axial profile, 
revealing reflections from the center of the catheter, the ball-lens sur-
face, and the inner and outer sheath surface (from top to bottom). The 
black lines indicate the geometric positions of these elements, distorted 
in the axial profile due to effectively measuring the OPL
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differentiates these borders and can lead to additional arti-
facts. This points to the benefits of faster imaging, both to 
overcome motion artifacts and allow denser sampling.

2.5.3	 �Signal to Noise Ratio and Sensitivity 
in OCT

The interferometric detection of OCT offers the benefit of 
coherent amplification. The weak sample signal is mixed 
with the strong reference signal and lifted above the noise 
floor. This enables the excellent sensitivity of OCT that 
translates into the high imaging speeds appreciated and nec-
essary for intravascular imaging.

The signal to noise ratio (SNR) in OCT is defined as the 
power in the amplitude signal |t(z)|2, divided by the variance 
of the background noise. This translates to the ratio of the 
intensity signal T(z) divided by the standard deviation of the 
background signal:
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In practice, the background signal frequently varies along 
the depth range, as seen in Fig. 2.5, and its accurate determi-
nation may be challenging.

The sensitivity Σ of an OCT system expresses the ratio of 
a signal corresponding to an SNR of 1, to the signal of a 
perfectly reflecting mirror that would redirect the entire sam-
ple light to the detector:

	
Σ=

SNRmirror

1

�
(2.21)

The amount of light scattered by biological tissue is orders of 
magnitudes smaller than the reflection of a mirror. To experi-
mentally measure the sensitivity, the signal of the mirror is 
attenuated with an neutral density filter, to avoid saturation 
of the detection.

The sensitivity of OCT is influenced by three principle 
sources of noise. First, the electronic noise of the detector
and the analog to digital conversion, which are determined 
by the specific hardware components of the system. The sec-
ond is shot-noise, which is intrinsic to any optical signal, due 
to the statistical nature of the arrival time of individual pho-
tons. Shot noise represents the ultimate limit of detection 
sensitivity and cannot be overcome, but it scales favorably 
with the number of photons, i.e. increasing the number of 
photons will improve the SNR.  The third term is relative 
intensity noise, originating primarily in the laser and mani-
festing as fluctuations of the optical power. The balanced 
detection scheme helps in rejecting this noise, because unlike 
the shot or detector noise, the RIN contribution is identical in 

both detection channels. All noise terms depend directly on 
the imaging speed. The faster the A-line rate of the 
wavelength-swept laser, the higher is the required bandwidth 
on the detection electronics, and the more is the final signal 
immersed in noise.

Figure 2.11 displays characteristic sensitivity curves for 
OCT. The optimal performance of the instrument is deter-
mined by the setting of the reference arm power incident on 
the detector. If the reference arm power is too low, the elec-
tronic detector noise dominates the sensitivity. In contrast, 
too much reference power makes RIN the dominating noise 
source. At the ideal working point, the sensitivity, and hence 
the SNR, turn out to be independent of the reference power. 
At this point, it is only the number of photons returning from 
the sample that defines the noise level.

In practice, the detector and laser noise characteristics 
render it difficult to achieve entirely shot-noise limited detec-
tion, and it is the combination of the different noise contribu-
tions that define the SNR for any given system. Importantly, 
to achieve higher imaging speeds, a larger detection band-
width and faster detectors are required, leading to increased 
detector noise. Figure 2.11 demonstrates the effect of 
increasing the A-line rate in combination with doubled 
detector noise on the resulting sensitivity.

Generally, sensitivity levels greater than 100 dB are required 
for acceptable intravascular imaging. Decreased sensitivity 
particularly penalizes the weak signal from deeper tissue struc-
ture, limiting the imaging depth. Although the typical sensitiv-
ity of OCT exceeds a 100 dB, the dynamic range is limited to 
~50 dB. The number of discretization levels of the analog to 
digital conversion, typically 12–14 bits, physically limits the 
signal range that can be reconstructed. If the system was 
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Fig. 2.11  Characteristic theoretical sensitivity curves for OCT sys-
tems with different A-line rates. Assumed detector noise currents: 3 pA/
Hz1/2, 6 pA/Hz1/2, 12 pA/Hz1/2 resp., RIN of −120 dB/Hz1/2, common 
mode rejection ratio of −25 dB/Hz1/2, 1,536 sampling points and 10 mW 
of power at the sample
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optimized to detect the lowest possible signal and include the 
noise level in the dynamic range, then this sets a limit on the 
largest possible signal that can be detected. Whereas tissue is 
unlikely to produce such strong signals, specular reflection off 
the sheath interface or stent struts could saturate both the detec-
tor and the analog to digital conversion. Specifying the beam 
exit angle from the catheter to be ~10° away from normal 
reduces the signal strength from sheath reflections.

2.5.4	 �Speckle

An important characteristic of OCT is the presence of 
speckle in its tomograms. Speckle refers to the granular or 
grainy appearance present in the images of many tissues 
imaged with OCT [27]. Figure 2.12 displays an example of 
speckle in an enlarged region of a fibrous plaque. This tissue 
layer is expected to have a homogeneous appearance, 
because the size of all its composing features are well below 
the resolution provided by intravascular OCT.  Indeed, the 
tomogram presents a homogeneous signal without internal 
structure. However, this signal is strongly textured, exhibit-
ing a grainy pattern with spots or ‘speckle’ of bright, high 
intensity signal, alternating with regions of very low signal. 
This appearance is common for coherent imaging methods 
such as OCT or ultrasound imaging, and can be misleading 

to the viewer by masking meaningful structural details. A 
detailed discussion of speckle in OCT is provided by 
Curatolo et al. [28].

Speckle is not noise, but simply unresolved spatial infor-
mation. Speckle arises from the interference of many sub-
resolution spaced scatterers. As discussed in Sect. 2.4, tissue 
can be modeled as a composition of many small discrete par-
ticles. Each such particle scatters a fraction of the incident 
light back to the detector, encoding its depth location in the 
path length difference with the reference signal. The argu-
ment of the complex-valued interference term of each parti-
cle is very sensitive to its axial position and varies by 2π for 
an axial shift of λ/2. The tomogram signal at a given depth 
corresponds to the sum of the contributions of all the parti-
cles within one resolution volume centered on this location. 
The axial dimension of this resolution volume measures sev-
eral times the wavelength, which makes the phase of each 
particle essentially random. Mathematically, the summation 
of these contributions is described as a random walk. It gen-
erates a complex signal with a random amplitude and phase, 
following well-known statistical properties [29]:
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Fig. 2.12  (a) Speckle as perceived in intravascular OCT.  The two 
regions of interest magnified in (b, c) have equal angular width and dem-
onstrate the invariance of speckle size with depth. Whereas the area in 

(b) corresponds to a homogeneous tissue region, the region in (c) reveals 
some structural features. (d) The amplitude and intensity histograms of 
the speckle in (b) follow accurately the theoretical distributions
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Here, p(t) and P(T) are probability density functions of the 
resulting amplitude and intensity signal, respectively. The 
resulting phase is uniformly distributed between 0 and 2π, 
whereas p(t) follows a Rayleigh distribution, with < t > the 
mean amplitude value. Converting the amplitude signal to 
the corresponding intensity expression results in p(T), a neg-
ative exponential distribution, highlighting the prevalence of 
dark speckle. Indeed, the contrast of a speckle pattern, 
expressed as the mean signal divided by its standard devia-
tion is unity for the intensity signal and 0.52 for the ampli-
tude signal [30]. A speckle pattern that produces these 
predicted statistical properties is termed ‘fully developed’. 
Alternatively, if for instance the generating phase values are 
not evenly distributed, a more involved, ‘partially developed’ 
speckle pattern can arise. As indicated in Fig. 2.12, the 
speckle of the fibrous plaque follows the theoretical distribu-
tion of fully developed speckle very well.

In a sample region with uniform scattering properties the 
speckle follow the same distribution. However, each point in 
the tomogram corresponds to a different subset of contribut-
ing scatterers, and hence to a different, independent realiza-
tion of the random walk. This subset is defined by the spatial 
resolution of the system: only scattering particles from 
within the resolution volume contribute to the speckle at this 
specific location. The speckle from two adjacent, but non-
overlapping resolution volumes, are statistically indepen-
dent. At intermediate positions between these two resolution 
volumes, the contributing particles gradually vary from one 
subset to the other, resulting in intermediate values. The rate 
of the spatial variation, i.e. the size of the speckle, is directly 
defined by the resolution of the imaging system, both along 
the axial and the lateral directions. A better resolution would 
result in smaller speckle grains. Intravascular OCT performs 
circumferential scanning, and the lateral offset between two 
A-lines is depth-dependent, as seen in Eq. 2.18. One could 
then expect that the speckle pattern decorrelates faster at 
larger depth than close to the probe center. However, as can 
be seen in the subsets of Fig. 2.12, the pattern decorrelates at 
an equal angular rate, irrespective of radius. Since the cir-
cumferential scan also alters the incident angle on the tissue, 
even if the same subset of scatterers is interrogated the 
speckle realization becomes statistically independent and the 
angular speckle size is therefore defined by the angular width 
of the beam, independent of distance.

The individual layers of the vessel are clearly distinguish-
able in an OCT tomogram, because their scattering proper-
ties are different and result in a speckle pattern with distinct 
mean values, showing brighter or darker layers. Some tissue 
layers, such as the periadventitial adipose tissue, feature an 
architecture that results in an inhomogeneous OCT signal, as 
shown in Fig. 2.12. The speckle intensity varies locally 
because the underlying tissue scattering properties vary on 
this same size scale.

The presence of speckle in OCT can alternatively be 
explained by reasoning in the spatial frequency domain. As dis-
cussed in Sect. 2.2.1, each wavenumber of a wavelength sweep 
measures a different axial spatial frequency. This resulting 
spectrum is not centered on zero spatial frequency, but on the 
central wavenumber kc. Accordingly, OCT acts as a bandpass 
filter, suppressing both the low and high spatial frequencies, 
and measuring only those within the wavelength spectrum. In 
comparison, most traditional imaging and vision instruments 
act as low-pass filters and provide a more intuitive image of the 
sample structure. The missing frequencies of the bandpass fil-
tering of OCT cause speckle [27]. This is very similar to ultra-
sound imaging, which likewise suffers from speckle. Acoustic 
waves from different scatterers also interfere and give rise to 
the similar statistical behavior. There have been many attempts 
at developing hardware modifications and post-processing 
algorithms to reduce or remove speckle. Although those that 
are compatible with catheter-based imaging have not signifi-
cantly enhanced the information content of intravascular 
images, future technical improvements are possible.

�Conclusions

Although the first demonstration of intracoronary OCT in 
human subjects was performed with time-domain inter-
ferometry, the advent of frequency-domain OCT has 
greatly improved the clinical utility of this modality by 
significantly increasing imaging speed. Since the underly-
ing signal for both time-domain and frequency-domain 
arises from the interference between the electric field 
scattered from the tissue and that provided by the refer-
ence arm, the primary image characteristics of resolution, 
contrast, and depth of penetration, are essentially 
unchanged. This chapter has introduced the basic princi-
ples underpinning interferometry and optical propagation 
in biological tissue. It should serve as a basis for under-
standing the OCT image features presented in other chap-
ters in this book and identifying the origin of artifacts that 
may arise from phenomenon such as speckle.
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3.1         Introduction 

 High-resolution optical coherence tomography (OCT) can 
often provide superior delineation of coronary vessel wall 
structure when compared with intravascular ultrasound 
(IVUS). OCT can reliably visualize the microstructure (i.e., 
10–50 μm, versus 150–200 μm for IVUS) of normal and 
atherosclerotic arteries [ 1 ]. However, OCT images are fun-
damentally different from histology, and it is not clear 
whether all characteristics identifi ed by histology can also 

      Histology Validation of OCT Images 

           Teruyoshi     Kume     ,     Takashi     Kubo     , and     Takashi     Akasaka     

  3

        T.   Kume ,  MD, PhD    
  Division of Cardiology ,  Kawasaki Medical School , 
  Kurashiki, Okayama ,  Japan     

    T.   Kubo ,  MD, PhD    •    T.   Akasaka ,  MD, PhD      (*) 
  Division of Cardiovascular Medicine , 
 Wakayama Medical University , 
  Kimiidera 811-1 ,  Wakayama   641-8509 ,  Japan   
 e-mail: akasat@wakayama-med.ac.jp  

    Abstract  

  Optical coherence tomography (OCT) can reliably visualize the microstructure 
(i.e., 10–50 μm) of normal and atherosclerotic arteries. Typically, the media of the coronary 
artery appears as a lower signal intensity band relative to that of the intima and adventitia, 
providing a three- layered appearance (bright-dark-bright). In OCT images, fi brous plaques 
exhibit homogeneous, signal-rich (highly backscattering) regions; lipid-rich plaques exhibit 
signal-poor regions (lipid pools) with poorly defi ned borders and overlying signal-rich 
bands (corresponding to fi brous caps); and fi brocalcifi c plaques exhibit signal-poor regions 
with sharply delineated upper and/or lower borders. Studies have also assessed the ability 
of OCT to detect vulnerable plaque. A thin fi brous cap of vulnerable plaque, commonly 
named thin-cap fi broatheroma (TCFA), has fi brous cap thickness <65 μm. Although, the 
ability of OCT to characterize a lipid pool containing necrotic core needs to be clarifi ed in 
future histologic studies, OCT could visualize thin (<65 μm) fi brous cap overlying the 
necrotic core and thus, detect TCFA. Infi ltration of macrophages within the fi brous cap is 
another characteristic of vulnerable plaque. In OCT images, macrophage accumulation is 
seen as signal-rich, confl uent punctuate regions that exceed the intensity of background 
speckle noise. The unique capabilities of OCT as an investigational tool for high-risk lesions 
will serve the cardiology community well, as it advances us toward a better understanding 
of atherosclerotic plaque. This information will improve our ability to more precisely treat 
our patients, both acutely and in the long term.  

  Keywords  
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be characterized by OCT. Therefore, careful interpretation 
of OCT images is required. This chapter reviews the histo-
logical validation of OCT images.  

3.2     Normal Vessel Wall Morphology 
and Intimal Thickening 

 Typically, the media of the vessel appears as a lower signal 
intensity band relative to that of the intima and adventitia, 
providing a three-layered appearance (bright-dark-bright) 
(Fig.  3.1 ). Intimal thickening occurs during the early phase 
of atherosclerosis in the coronary artery [ 2 ]. Evaluation of 
intimal thickening of the coronary artery is clinically impor-
tant, and recent advancements in IVUS have enabled patho-
logical evaluation of the wall structure of the coronary artery. 
However, intimal thickening is indirectly evaluated as the 
intima–media thickness by IVUS, because the boundary of 
the intima and media cannot be distinguished completely by 
this method [ 3 ]. On the other hand, OCT is superior to IVUS 
in terms of qualitative delineation of the vessel wall struc-
ture, and OCT can differentiate the intima from media. There 
is good agreement in the intimal thickness between OCT and 
histological examination (r = 0.98, p < 0.001, mean difference 
=0.01 ± 0.04 mm) [ 4 ]. Most adults undergoing cardiac cath-
eterization have intimal thickening and a signal-rich thick 
intimal band, even in angiographically normal segments 
(Fig.  3.2 ). OCT signal penetration through the diseased arte-
rial wall is generally more limited (no more than 2 mm with 
current OCT devices), making it diffi cult to investigate 
deeper portions of the artery or to track the entire circumfer-
ence of the media-adventitia interface.

3.3         Atherosclerotic Plaque 

 An atherosclerotic plaque is characterized as a mass lesion or 
a loss of the three-layered structure of the blood vessel. OCT 
can provide detailed information about plaque composition. 
Fibrous plaques exhibit homogeneous, signal-rich (highly 
backscattering) regions (Fig.  3.3 ); lipid-rich plaques exhibit 
signal-poor regions (lipid pools) with poorly defi ned borders 
and overlying signal-rich bands (corresponding to fi brous 
caps) (Fig.  3.4 ); and fi brocalcifi c plaques exhibit signal-poor 
regions with sharply delineated upper and/or lower borders 
(Fig.  3.5 ). OCT has the advantage of being able to image 
through calcium without shadowing, as would otherwise 
occur with IVUS. Plaque characteristics of OCT are listed in 
Table  3.1 . The diagnostic accuracy of OCT for the above 
plaque characterization criteria was confi rmed by an  ex vivo  
study of 307 human atherosclerotic specimens, including 
those from the aorta, carotid arteries, and coronary 

 arteries  [ 5 ]. Independent evaluations by two OCT analysts 
 demonstrated a sensitivity and specifi city of 71–79 and 
97–98 %, respectively, for fi brous plaques; 90–94 and 
90–92 %, respectively, for lipid-rich plaques; and 95–96 
and 97 %, respectively for fi brocalcifi c plaques, (overall 
agreement versus histopathology, κ values of 0.88–0.84). 
The interobserver and intraobserver reproducibility of OCT 
assessment was also high (κ values of 0.88 and 0.91, 
respectively).

      However, the limited depth of penetration of OCT could 
pose a problem for the imaging of deep vascular structures. 

Intima Media Adventitia

  Fig. 3.1    The layered structure of the coronary wall imaged by optical 
coherence tomography (OCT). This OCT image demonstrates visual-
ization of the intima, media and adventitia. The bright-dark-bright, 
three-layered appearance is seen in the OCT image with the corre-
sponding anatomy as defi ned. Histological image is partial enlarged 
view of the dashed rectangle in OCT image ( bottom ). (Histologic stain-
ing Elastica van Gieson stain)       
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A previous report showed that OCT assessments of lipid-rich 
lesion with thin fi brous cap (thickness of the fi brous cap 
<200 um) were achieved with 92 % sensitivity and 75 % 
specifi city, while overall OCT assessments of lipid-rich 
lesion were achieved with 77 % sensitivity and 75 % speci-
fi city [ 6 ]. These data suggest that the superfi cial penetration 
of OCT may limit the assessment of entire plaque 
morphology.  

3.4     Calcifi cation 

 Calcifi cation is frequently observed in more advanced 
 atherosclerotic disease and is therefore thought to be a 
marker of coronary heart disease. IVUS can only visualize 

the surface of the calcium due to acoustic shadowing. On the 
other hand, OCT can identify calcifi cation tissue without 
shadowing (Fig.  3.6 ). There is better correlation in areas of 
calcifi cation between OCT and histological examination 
when comparing between IVUS and the histological exami-
nation (r = 084, p < 0.001 vs. r = 0.78, p < 0.001) [ 7 ]. These 
data suggest that superfi cial calcifi cation can be quantifi ed 
more accurately using OCT than with IVUS.

3.5        Fibroatheroma 

 A fi broatheroma is characterized as necrotic core with an 
overlying fi brous cap. A fi brous cap is a fi brous tissue layer, 
which is often a signal-rich band, overlying a signal-poor 

  Fig. 3.2    Intimal thickening visualized by optical coherence tomogra-
phy. Most adults undergoing cardiac catheterization have intimal thick-
ening, represented as a signal-rich thick intimal band in the OCT image, 

even in angiographically normal segments. Partial enlarged view of the 
dashed rectangle in top images ( bottom ). (Histologic staining Elastica 
van Gieson stain)       
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region indicating the necrotic core (Fig.  3.7 ). In the OCT 
image, the necrotic core was characterized as signal-poor 
regions with poorly defi ned borders, which is similar to that 
of a lipid pool. Histologically, a lipid pool is converted to a 
necrotic core from macrophage infi ltration and apoptosis 
forming the early necrotic core. In a previous histologic 
study using OCT, there was no attempt to differentiate a 
necrotic core from a lipid pool, and these structures have dif-
ferent clinical relevance. The ability of OCT to characterize 
a lipid pool containing necrotic core needs to be clarifi ed in 
future histologic studies.

3.6        Vulnerable Plaque 

 Studies have also assessed the ability of OCT to detect vul-
nerable plaque. 

 Myocardial infarction, sudden cardiac death and unstable 
angina arise from coronary thrombosis, which develops as a 
result of ruptured vulnerable plaque. Autopsy studies have 
identifi ed several histological characteristics of plaques 
that correlate with the risk of rupture and subsequent acute 

  Fig. 3.3    Optical coherence tomography images ( top ) and correspond-
ing histology ( bottom ) for fi brous plaque. In fi brous plaques, the OCT 
signal is strong and homogeneous ( asterisk ). (Histologic staining 
Elastica van Gieson stain)       

  Fig. 3.4    Optical coherence tomography images ( top ) and correspond-
ing histology ( bottom ) for lipid-rich plaque. Lipid-rich ( Lp ) regions 
appear as a signal-poor region within the vessel wall, and lipid-rich 
plaques have diffuse or poorly demarcated borders (Histologic staining: 
hematoxylin and eosin stain)       
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coronary events. These characteristics include: (1) a thin fi brous 
cap (<65 μm), (2) activated macrophages near the fi brous cap, 
(3) a large lipid pool, and (4) neoangiogenesis [ 8 ,  9 ]. 

 A thin fi brous cap of vulnerable plaque, commonly named 
thin-cap fi broatheroma (TCFA), has fi brous cap thickness 

<65 μm. TCFA is the primary plaque type at the site of 
plaque rupture but exists both in culprit lesions and non- 
culprit lesions and is distributed in all three coronary arteries. 
TCFAs are more commonly observed in patients with acute 
coronary syndrome than in patients with stable angina. 
Histologic data show that TCFAs tend to cluster in predict-
able spots within the proximal segment of the left anterior 
descending artery but also develop relatively evenly in the 
left circumfl ex and right coronary artery [ 10 ,  11 ]. A thin 
(<65 μm) fi brous cap of vulnerable plaque is technically 
below the image resolution of IVUS (~150 μm). On the other 
hand, the resolution of OCT is between 10 and 50 μm, which 
is signifi cantly greater than any currently available imaging 
technology. Therefore, OCT could visualize thin fi brous cap 
(Fig.  3.8 ) and measure the thickness of the fi brous cap in the 
lipid-rich plaque (r = 090, p < 0.001) [ 12 ]. Fujii et al. per-
formed a three-vessel OCT examination in patients with 
ischemic heart disease in the clinical settings and showed 
that TCFAs tend to cluster in predictable spots within the 
proximal segment of the left anterior descending artery yet 
develop relatively evenly in the left circumfl ex and right cor-
onary  artery  [ 13 ]. These data are similar to those from prior 
histologic studies.

   Infi ltration of macrophages within the fi brous cap is 
another characteristic of vulnerable plaque. A previous 
report showed that OCT enables the quantifi cation of macro-
phages within fi brous caps [ 14 ]. OCT with a simple 
 image- processing algorithm for macrophage evaluation 
yielded results that correlated well with histological mea-
surements of fi brous cap macrophage density (r = 0.84, 
p < 0.0001). A range of OCT signal standard deviation 
thresholds (6.15–6.35 %) yielded 100 % sensitivity and 
specifi city for identifying caps containing >10 % CD68 
staining. In OCT images, macrophage accumulation is seen 
as signal-rich, confl uent punctuate regions that exceed the 
intensity of background speckle noise (Fig.  3.9 ). OCT may 
provide researchers and clinicians with a valuable tool for 
the assessment of vulnerable plaque, including the visualiza-
tion of the thin fi brous cap.

   Plaque neoangiogenesis is a morphological characteristic 
of vulnerable plaque [ 9 ]. Neoangiogenesis may promote the 

  Fig. 3.5    Optical coherence tomography images ( top ) and correspond-
ing histology ( bottom ) for fi brocalcifi c plaque. Calcifi c ( Ca ) regions 
appear as a signal-poor region within the vessel wall, and fi brocalcifi c 
plaques have sharply delineated borders (Histologic staining: hema-
toxylin and eosin stain)       

   Table 3.1    Plaque characteristics in optical coherence tomography 
(OCT)   

 Tissue type  OCT 

 Fibrous  Homogeneous 
 Signal-rich (highly backscattering) 

 Fibrocalcifi c  Sharply delineated borders 
 Signal-poor 

 Lipid-rich  Poorly defi ned borders 
 Signal-poor 
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infl ux of lipids and the infi ltration of infl ammatory cells 
in coronary plaque. In addition, newly formed angiogenic 
vessels are fragile and tend to break. This may result in an 
intraplaque hemorrhage, eventually resulting in luminal nar-
rowing [ 15 – 17 ]. In OCT images, neoangiogenesis can be 
recognized as small black holes (microchannels) (Fig.  3.10 ) 
[ 18 ]. Microchannels detected by OCT are associated with 
plaque vulnerability and are predictors of luminal narrowing 
in clinical studies [ 19 ,  20 ]. However, the accuracy of OCT 
for the detection of coronary plaque neoangiogenesis has not 
yet been investigated.

3.7        Thrombus 

 Rupture of the vulnerable plaque leading to subsequent throm-
botic occlusion of the coronary artery accounts for the major-
ity of acute coronary events (Fig.  3.11 ). Thrombi that form in 
regions of blood stasis or low fl ow are composed of red blood 
cells entrapped within interspersed fi brin and a smaller com-
ponent of aggregated platelets. These thrombi are colored 
darkly by abundant hemoglobin and are often referred to as 
“red” thrombi. In contrast, platelet-rich thrombi, which con-
tain few red cells, appear off-white in color and are called 

  Fig. 3.6    Optical coherence tomography images ( top ) and corresponding histology ( bottom ) for heavily calcifi ed plaque. OCT can identify the 
calcifi cation tissue without shadowing. Dashed lines indicate calcifi cation tissue ( bottom right ). (Histologic staining: hematoxylin and eosin stain)       
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“white” thrombi. Red thrombus is depicted as a high-back-
scattering protrusion with signal-free shadowing in OCT 
images (Fig.  3.12 ). White thrombus is depicted by a signal-
rich, low-backscattering projection (Fig.  3.13 ). There is a sig-
nifi cant difference in attenuation of intensity between red and 
white thrombi [ 21 ]. White thrombi associated with ruptured 
plaque plays a particularly important role in acute coronary 
syndrome. Identifi cation and characterization of thrombi 

might help to predict outcome as well as the impact of mechan-
ical interventions and antithrombotic/antiplatelet strategies.

     OCT can detect a unique feature of thrombus in the coro-
nary lumen that cannot otherwise be visualized by IVUS [ 22 ], 
namely, white thrombus consisting mainly of platelets and 
white blood cells (Fig.  3.14 ). This thin fl at white thrombus 
was attached to the vessel wall without signifi cant lumen ste-
nosis. The clinical impact of this abnormal structure is unclear.

  Fig. 3.7    Optical coherence tomography images ( top ) and correspond-
ing histology ( bottom ) for fibroatheroma. A fibrous cap ( arrow ) is 
a fi brous tissue layer, which is depicted as a signal-rich band overlying a 

signal-poor region indicating necrotic core ( NC ). (Histologic staining: 
Masson trichrome stain)       
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  Fig. 3.8    Optical coherence tomography images ( left ) and correspond-
ing histology ( right ) for thin-cap fi broatheroma (TCFA,  arrowhead ). 
OCT can measure the thickness of the fi brous cap and detect TCFA. 

TCFA has a fi brous cap thickness <65 μm and is the primary plaque 
type at the site of plaque rupture. It exists in both culprit lesions and 
non-culprit lesions. (Histologic staining: Masson trichrome stain)       

  Fig. 3.9    Optical    coherence tomography images ( left ) and correspond-
ing histology ( middle and right ) for infi ltration of macrophages within 
the fi brous cap. In the OCT image ( top ), there are no confl uent punctate 
regions that exceed the intensity of background speckle within the 

fi brous cap. In the OCT image ( bottom ), infi ltration of macrophages 
within the fi brous cap is seen as confl uent punctate regions that exceed 
the intensity of background speckle within the fi brous cap (Histologic 
staining: hematoxylin and eosin stain)       
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  Fig. 3.10    Optical coherence tomography images ( left ) and correspond-
ing histology ( right ) for neoangiogenesis of coronary plaque. 
Histological examination revealed neoangiogenesis of coronary plaque 
Partial enlarged view of the dashed rectangle in top images ( bottom ). 

In the corresponding OCT image, neovascularization was characterized 
by no-signal tubuloluminal structures (microchannel) in coronary 
plaque ( arrowhead ) (Histologic staining: hematoxylin and eosin stain)       

a b c

d

  Fig. 3.11    A coronary angiogram shows a fi lling defect surrounded by 
contrast medium at the site of a severe stenosis in the left anterior 
descending coronary artery (panel  a ;  arrow ). Using optical coherence 
tomography (Image WireTM, LightLab Imaging, Inc.) imaging, a low 
backscattering protrusion suggestive of white thrombus in the coronary 

lumen at the site of plaque rupture is clearly visualized (panel  b ). The 
histopathological examination shows white thrombus composed of 
fi brin, platelets, and few white blood cells (panel  c  and  d , hematoxylin 
and eosin stain). Partial enlarged view of the dashed rectangle in panel c 
(panel d).       
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3.8        Neointima 

 The current capabilities of OCT are well suited for the 
identifi cation and study of neointima formation, where the 
relevant morphologic features are primarily localized 
within 500 μm of the luminal surface (Fig.  3.15 ). Neointima 
within a stent is comprised of various tissue components, 
including collagen, proteoglycan, smooth muscle, fi brin, 

or thrombus. Because the neointima is composed of differ-
ent tissues after stent implantation, it displays a variety of 
different characteristics (Fig.  3.16 ) [ 23 ,  24 ]. Only a few 
case reports have studied the relationship between OCT-
imaged neointimal characteristics and these tissue compo-
nents [ 25 ,  26 ]. OCT is useful for monitoring the structural 
changes that occur in neointima formation after stent 
implantation.

  Fig. 3.12    Optical coherence tomography images ( left ) and corre-
sponding histology ( right ) for red thrombus. Red thrombus forms in 
regions of blood stasis or low fl ow and is composed of red blood cells 
entrapped within interspersed fi brin and a smaller component of 

 aggregated platelets. Partial enlarged view of the dashed rectangle 
( bottom ). Red thrombus appears in OCT images as a high- 
backscattering protrusion with signal-free shadowing. (Histologic 
staining: hematoxylin and eosin stain)       

50 µm

  Fig. 3.13    Optical coherence tomography images ( left ) and correspond-
ing histology ( right ) for white thrombus. White thrombus associated 
with ruptured plaque plays a particularly important role in acute coro-
nary syndrome. Platelet-rich thrombi, which contain few red cells, are 

off-white in color. White thrombus is characterized by a signal-rich, 
low-backscattering projection. Partial enlarged view of the dashed rect-
angle (bottom). Partial enlarged view of the dashed rectangle ( bottom ). 
(Histologic staining: hematoxylin and eosin stain)       
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  Fig. 3.14    A thin fl at structure in the coronary lumen in optical coher-
ence tomography image. Histological images reveal a white thrombus 
consisting mainly of platelets and white blood cells ( middle and left ). 

Partial enlarged view of the dashed rectangle ( left ). (Histologic stain-
ing: hematoxylin and eosin stain)       

  Fig. 3.15    Optical coherence tomography images at 8 months after 
stent deployment. OCT visualizes the stent struts covered by a thick 
neointima that appears as a bright luminal layer surrounding the stent 

struts after bare metal stent implantation ( left ). OCT shows stent struts 
and thin, bright refl ective tissue coverage after drug-eluting stent 
implantation ( right )       
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3.9         Summary 

 This chapter reviewed the histologic validation of OCT 
images. OCT images are fundamentally different from his-
tology, and it is not clear whether all characteristics identi-
fi ed by histology can also be characterized by OCT. Future 
studies include a large number of lesions to be used for fur-
ther comparative investigation of OCT versus histology. 
However, high-resolution OCT can provide information 
comparable to histology in some circumstances. For exam-
ple, OCT can provide a comprehensive assessment of athero-
sclerotic plaque. The unique capabilities of OCT as an 
investigational tool for high-risk lesions will serve the cardi-
ology community well, as it advances us toward a better 
understanding of atherosclerotic plaque. This information 
will improve our ability to more precisely treat our patients, 
both acutely and in the long term.     
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4.1        Introduction 

 The unsurpassed detail of intracoronary OCT images leads 
to an increasing use of this relatively young technology in 
the cardiac catheterization laboratory, both for research and 
clinical purposes [ 1 ]. Although currently available Fourier 
domain OCT imaging systems have proven their safety, 
 reliability and ease of use, the development of a high level 
clinical OCT program in the hospital setting poses some 
challenges as well [ 2 ]. With its enormous potential to 
 infl uence further decision making during diagnostic and 

interventional procedures, it is critical that operators gain 
appropriate skills in optimal image acquisition and a solid 
experience in correct image interpretation, as in many cases, 
they will be the key responsible person for the correct imple-
mentation of OCT in a particular invasive procedure. 

 Basically, OCT can be used in the clinical setting when-
ever the operator feels the information obtained by OCT 
would offer a valuable addition to the angiographic images 
or physiologic information obtained. Confronted with hazy 
lesions on angiography, OCT is able to discriminate 
between intracoronary thrombus, calcifi cation or ulceration 
[ 3 – 5 ]. In the setting of acute coronary syndrome (ACS) 
with unclear culprit lesion site, OCT is often able to unravel 
the culprit mechanism [ 6 ,  7 ]. Due to its capacity to dis-
criminate between different types of vulnerable plaques, 
such as thin-capped fi broatheroma (TCFA) rupture, plaque 
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    Abstract  

  Due to its capacity to provide ultra-high detail images in an in vivo setting, intracoronary 
optical coherence tomography (OCT) has been adopted enthusiastically by the interven-
tional community. For the individual operator, confronted with a set of >200 cross-sectional 
images after acquisition of a single pullback, sound knowledge of essential aspects of the 
images is indispensable, as well as appropriate skills for optimal acquisition of OCT images. 
In this chapter, we present a step by step approach that will help operators to plan the 
 procedure properly, provide high quality OCT pullbacks and gain confi dence in systematic 
and correct image interpretation. Key to interpretation success is the recognition of specifi c 
fi ndings, both in the setting of assessing coronary artery disease, as well as studying results 
after percutaneous coronary intervention and stent or scaffold implantation. Due to 
 important differences in optical characteristics between different components of the vessel 
wall in healthy and diseased states, different components of atherosclerotic disease (such as 
fi brous plaques, fi brocalcifi c plaques and fi broatheromas) can be readily discriminated. 
Finally, we discuss strengths and limitations of the current technology, and possible pitfalls 
and artifacts that might carry a risk of over- or misinterpretation.  

  Keywords  

  Optical coherence tomography   •   Acquisition quality   •   Image interpretation   •   Fibrous plaque   
•   Calcifi ed plaque   •   Fibroatheroma  
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erosion and calcifi ed nodule, it offers the perspective of a 
tailored approach towards the individual patient with an 
ACS [ 3 ,  8 ]. With respect to the assessment of intermediate 
lesions, the lack of information on functional signifi cance 
must be balanced against the value of obtaining accurate 
lumen areas and plaque composition information. In the 
setting of serial coronary lesions, where functional testing 
with fractional fl ow reserve (FFR) is hampered by the infl u-
ence of proximal on more distal lesions and vice versa, 
OCT can be of important value for proper diagnosis and 
intervention planning [ 9 ,  10 ]. There is a separate chapter in 
this book on the acute effects after stent implantation and 
the potential of OCT to optimize the acute results of 
PCI. On the other hand, in the setting of stent failure, such 
as in-stent restenosis and particularly stent thrombosis, 
OCT is of great value for correct determination of the 
mechanisms involved and for adequate guidance of ther-
apy, as will be discussed in Chap.   12    . 

 Apart from not obtaining the informed consent of the 
patient, there are only few and relative contraindications to 
the procedure. As the acquisition of an OCT run necessi-
tates the use of around 12–16 ml of contrast medium, care 
should be taken to avoid excessive contrast administration 
to the patient, especially when renal or cardiac function is 
impaired. It is usually very easy to advance the OCT imag-
ing catheter to a distal position in the coronary artery. In the 
setting of extremely tortuous or calcifi ed vessels, however, 
this may be challenging. While adjunctive tools such as an 
extra-support wire or a child-in-a-mother catheter can help 
to achieve the desired position of the imaging catheter, the 
operator should refrain from too forceful pushing on the 
imaging device, as this might cause damage to the imaging 
catheter or the vessel. The imaging catheter and the 

 accompanying imaging wire starting to separate from each 
other on angiography, indicates the appropriate moment to 
relief pressure. Inherent to the use of current generation 
Fourier Domain OCT systems, the coronary guide wire is 
causing an artefact precluding assessment of a small sector 
of the cross section image. The operator should in all cases 
refrain from retracting the guidewire with the imaging 
catheter still in place. Such maneuver might lead to kinking 
and entrapment of the catheter, with potentially serious 
complications. Final challenges are the assessment of criti-
cally or subtotally narrowed lesions, where introduction of 
the imaging catheter might occlude blood fl ow in the coro-
nary artery, as well as aortic junctional lesions, with the 
associated diffi culty in engaging the guiding catheter cor-
rectly. The imaging catheter occluding the blood fl ow leads 
to ischemia in the distal myocardial territory and precludes 
adequate blood clearance, and hence proper image quality, 
in the distal part of the vessel. Although there are certain 
tricks to manage this issues, the assessment of subocclusive 
and aortic junctional lesions is considered a limitation of 
the technology [ 11 ]. 

 In contrast to histopathologic assessment, which can rely 
on morphologic examination and additional immunologic 
and histochemical analysis, the OCT image is generated 
from the optical characteristics of the tissue and the transi-
tion between different layers of tissue [ 12 ,  13 ]. The currently 
commercially available OCT systems offer no further tools 
for tissue characterization. Although it is possible in most of 
the cases and frames to make a clear diagnosis with OCT, 
there will be uncertainty in selected frames, where no defi -
nite diagnosis can be made based on the OCT image. An 
example of this is the differentiation of thrombus from tissue 
fl aps in the setting of ruptured TCFA (Fig.  4.1 ).

a b c

  Fig. 4.1    Ruptured thin-capped fi broatheroma. Consecutive OCT 
frames in a 73-year-old male patient presenting with anterior STEMI 
(ST elevation myocardial infarction). After thrombus aspiration, ade-
quate image quality could be obtained. At the culprit lesion site, a thin- 
capped fi broatheroma (TCFA) was identifi ed. In most cases of ruptured 
vulnerable plaque causing acute coronary syndrome, there is a varying 
degree of thrombus accumulation involved. It is not always easy or even 
possible to discriminate between remnants of the ruptured plaque and 

thrombus. In panel  a , a highly backscattering structure with strong 
attenuation properties is observed at 12 o’clock, compatible with a red 
thrombus ( double dagger ). In the adjacent frames, the exact site of 
TCFA rupture becomes evident (panel  b , indicated by ‘£’ at 10 o’clock). 
In panel  c , an image with mixed TCFA characteristics (4–11 o’clock) 
and possible red thrombus superposition can be observed. The  asterisk  
is indicating the guide wire artifact       
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4.2        Systematic Approach to Image 
Acquisition and Interpretation 

 For the correct interpretation of individual OCT studies, we 
propose a systematic and step by step approach. Non- 
compliance with these basic principles will potentially lead 
to a waste of time and resources, associated with extra costs 
and loss of information and negatively refl ect on operator 
performance and patient safety.
    1.    Baseline characteristics- To fully exploit the huge amount 

of information from a set of OCT pullbacks, acquired dur-
ing an interventional procedure, a clear understanding of 
the purpose of the examination is essential. These include 
demographic factors (age, sex…), the clinical presenta-
tion, and the information from the angiogram (such as 
haziness, relation of the segment of interest to angio-
graphic landmarks etc…). It is important always to con-
sider what the particular clinical or research question of 
the investigation is. For example, specifi c characteristics 

such as plaque erosion or spontaneous coronary artery 
rupture predominantly occur in young females [ 3 ,  14 ]. In 
the setting of stent thrombosis, the time elapsed since the 
initial implantation of the device is important for the 
interpretation of the burden of uncovered struts or adverse 
neointimal reactions, such as neoatherosclerosis [ 15 ].   

   2.    Pullback quality- Before starting the interpretation of an 
acquisition, it is advised to fi rst perform an initial quality 
check (which can be done in only a couple of seconds) 
after which feedback can be given to the operator. In 
case of important and remediable shortcomings, there is 
always the possibility to perform a second and better 
OCT run. Key questions are: (a) is the whole segment of 
interest represented in the specifi c acquisition? (b) Was 
adequate blood clearance of the lumen achieved? (c) 
Was the imaging catheter adequately cleared from blood 
and air? (Fig.  4.2 ) (d) Has appropriate and precise cali-
bration of the imaging catheter been performed for this 
pullback?

a

d

b c

  Fig. 4.2    Insuffi cient quality pullbacks. One of the most common 
sources of decreased image quality in OCT pullbacks, is the accumula-
tion of blood between the different plastic layers of the imaging cathe-
ter, obscuring all emitted light from the laser source due to the strong 
attenuating capacity of the red blood cells. The imaging catheter should 
be fl ushed with a small volume of pure contrast after unpacking. Even 
after positioning the imaging catheter in the blood vessel for a short 
period of time, blood accumulation between the different layers of the 
catheter can occur. It is therefore strongly recommended to check for 
the presence of blood accumulation in the catheter before starting the 
pullback run. If blood is detected, it is necessary to fl ush the catheter 
again. This must be done without active stationary scanning of the laser 
lens, as such might lead to damage to the catheter in some instances. In 

panels  a  and  b , images acquired at the same site in the coronary artery 
with bad vs. good catheter fl ush are depicted, respectively, illustrating 
the important loss in image quality if no adequate attention is paid to 
this aspect of image acquisition. Panel  c  (cross sectional view) and  d  
(longitudinal view) show images of an OCT acquisition with insuffi -
cient clearance of the lumen from blood. In such cases, suboptimal 
positioning of the guiding catheter or inadequate contrast fl ush speed 
can be identifi ed as the cause of insuffi cient clearance and can be cor-
rected for. In some cases, such as large vessels with big diameter side 
branches, or in the setting of a tight lesion limiting adequate blood 
clearance in the distal vessel territory, it is –even with maximal operator 
effort- impossible to achieve optimal clearance of blood. The  asterisk  is 
indicating the guide wire artifact       
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       3.    Longitudinal view- The next step is a general appreciation 
of the case, based on the longitudinal view of the segment 
of interest, with selection of an adequate longitudinal cut-
ting plane. The longitudinal view of a pullback is fre-
quently overlooked. However, it usually provides a wealth 
of information, such as sites of lumen encroachment and 
their importance, thrombus accumulation and general 
anatomical information on vessel size, tapering, location 
of side branches and longitudinal extent of diseased 
 segments. In OCT examinations of stented segments, the 
longitudinal view can provide important insights on the 
presence of edge dissections, intramural hematomas and 
sites of underexpansion or malapposition (Fig.  4.3 ). 
Depending on the complexity of the case (such as in 
the case of a coronary segment with multiple and 
serial lesions), the longitudinal view of the pullback will 
be an important help in making a manual registration 
of the OCT and angiography acquisitions. Awaiting 

 commercially available technology to co-register OCT 
and angiography pullbacks, the documentation of the 
position of the imaging catheter at the start of the pullback 
(or  registration of the movement of the optical lens during 
the pullback) should be advised. Applications for 
 co- registration of angiography and OCT acquisitions will, 
however, become available soon in software updates from 
vendors of the technology, which will help focusing on 
the region of interest and avoid potential mistakes. 
Furthermore, automatic 3D rendering is emerging and 
provides additional advantages over the two-dimensional 
L-view.

       4.    Images of interest- Finally, a detailed assessment of 
 individual cross-sections of interest can be made. 
Apart from quality characteristics already discussed 
before, attention should be paid to the position of the 
catheter with respect to the specific frame of interest. 
Certain  artifacts can be caused by an eccentric position 

a

d
a b c

b c

  Fig. 4.3    Information    obtained from the longitudinal view in OCT 
 pullbacks. OCT acquisition immediately after implantation of two over-
lapping drug-eluting stents in the mid LAD in a 76-year old male pre-
senting with stable angina. The fi gure illustrates that with selection of an 
adequate cutting plane in the longitudinal view, several important obser-
vations can already be made before starting a frame by frame analysis of 
the cross-sectional tomographic images. At the level of the distal stent 
edge, a zone with strong signal attenuation (indicated with ‡) can be 
observed. The corresponding cross-sectional image shows a medial dis-

section with blood accumulation in the vessel wall. In the same longitu-
dinal view, a zone of relative underexpansion can be observed in cross 
section  c , compared with better and more symmetrical expansion in 
panel  b . Stent areas are 5.6 mm 2  in panel  b  and 4.5 mm 2  in panel  c . 
In panel  b , some malapposed struts can be observed around 2 o’clock, 
which (after careful inspection), can also be discovered in the longitudi-
nal view. The upper panel fi gures  a ,  b , and  c  correspond to  a ,  b , and  c  
with vertical lines on the longitudinal view ( lower panel ). The  asterisk  
is indicating the guide wire artifact       
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of the imaging catheter. As it can lead to the mis- and 
overdiagnosis of thin-capped fibroatheroma (TCFA), 
the most important artifact to consider is tangential 
drop-out [ 16 ]. The main characteristic is that the tan-
gential interaction of the light beam with the vessel 
wall leads to a loss of lateral resolution and the attenu-
ation of the light beam traveling through the vessel 
wall almost parallel to the luminal border, creating an 
image closely resembling a thin-capped fibroatheroma 
(Fig.  4.4 ). We refer to Chap.   5     for a more detailed 
description.

       5.    Lumen morphology- The interpretation at the frame level 
starts with the appreciation of the lumen area and lumen 
contour. Is lumen area decreased compared to what would 
be expected from the reference area in a normal part of 
the vessel? Has the lumen contour a normal round shape 
or is there encroachment from the diseased vessel wall? Is 
the lumen contour regular or irregular? These irregulari-
ties most often are small intraluminal thrombi (to be dif-
ferentiated from insuffi cient clearance of blood), but 
small indentations can be observed in lesions with impor-
tant superfi cial calcifi cation as well (Fig.  4.5 ).

   Can the normal three-layered appearance (intima-
media- adventitia) be recognized circumferentially in the 
frame? If not, it should be described in which sector this 
specifi c pattern is lost.   

  Fig. 4.4    Tangential drop out artifact. In this fi gure, the eccentric posi-
tion of the imaging catheter creates an image resembling TCFA at 
11–12 o’clock. Although the presence of a lipid pool cannot be 
excluded, the signal poor area under the thin layer of more intense sig-
nal tissue is probably caused by very tangential interrogation of this part 
of the vessel wall by the laser light. The  asterisk  is indicating the guide 
wire artifact       

a b

  Fig. 4.5    Lumen irregularities. In panel  a , a small lumen irregularity 
with low attenuating property is observed around 3 o’clock (magnifi ed). 
In panel  b , large and almost circumferential calcium accumulation is 

observed. Around 9 o’clock (magnifi ed), there is a small protrusion of 
calcium into the lumen       
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   6.    Vessel wall- If any abnormal pattern in the lumen or the 
vessel wall is encountered, it is important to check the 
trajectory between this particular fi nding and the center of 
the imaging catheter. Any abnormality (such as blood or 
air bubbles in the catheter or thrombus around the imag-
ing catheter or the coronary wire) can cast a shadow on 
the underlying vessel wall, which sometimes leads to mis-
interpretation (Fig.  4.6 ).

   In cases where the normal three-layered aspect of the 
vessel wall is lost, a systematic approach to describing 
various states of disease should be used. Key determi-
nants are the intensity of the backscattered light signal, 
the demarcation between layers with different optical 
characteristics and the attenuation characteristics of the 
tissue. Careful attention to these characteristics can 
almost uniformly discriminate between fi brous, fi brocal-
cifi c, lipid plaques and all mixed forms. [ 13 ] 

 For the interpretation of specifi c structures, a profound 
knowledge of the optical characteristics, the pathophysi-
ology of the coronary artery and particularities of differ-
ent invasive treatment options is required. 

 Often, a single frame does not offer reliable insights 
into a problem at once. It is strongly advised to scroll 
between adjacent frames before making conclusions.   

   7.    Image quantifi cation- Together with the interpretation of 
OCT images, measurement of the lumen or stent area and 
of specifi c structures is often required. Accuracy of all 
measurements relies on a careful calibration of the imaging 
catheter, a frequently overlooked issue [ 17 ]. Even small 

insuffi ciencies in correct calibration can lead to important 
deviations in measurements. It is important to mention that 
catheter calibration can be corrected off-line as well.   

   8.    Multiple frames- In some cases, particular fi ndings can 
only be observed in a limited number of frames. It could 
be worthwhile to repeat the acquisition with slower pull-
back speed, in order to acquire a higher number of frames 
and enhance sampling in the longitudinal direction.   

   9.    Pullback information- The recording of the fi ndings of the 
case (including vessel and segment studied, information 
whether thrombectomy or predilatation was performed) is 
strongly advised so that later interpretation is not ham-
pered by a lack of crucial information.    

  Report Form 
   1.    Administrative data (age, sex)   
   2.    Clinical presentation   
   3.    Indication for the examination: 

 Diagnosis making, PCI optimization, stent failure (stent 
thrombosis, in stent restenosis)   

   4.    Pullback vessel-location, pullback length and speed, fl ush 
(manual vs. automatic), fl ush type of contrast (speed, 
volume)   

   5.    Quality   
   6.    Complications   
   7.    Particular fi ndings (artifacts…)   
   8.    Main fi nding   
   9.    Impact (did OCT acquisition change practice in this par-

ticular patient)    

a b

  Fig. 4.6    Small luminal adhesions. In panel  a , a small accumulation of 
fi brin or blood platelet-rich white thrombus adheres to the imaging 
catheter and casts a shadow on the underlying vessel wall between 9 

and 10 o’clock. In panel  b , equally around 10 o’clock, a small impurity 
in the outer plastic sheath of the catheter can be observed, casting a very 
fi ne shadow. The  asterisk  is indicating the guide wire artifact       
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4.3       OCT Characteristics of Coronary 
Artery Disease 

 For discriminating specifi c OCT characteristics of athero-
sclerotic disease, we offer a description that follows the clas-
sifi cation as described in the fi rst consensus document of the 
International Working Group for Intravascular Optical 
Coherence Tomography Standardization and Validation [ 13 ]. 

 The normal coronary artery wall is recognized by a typi-
cal three-layered structure, where intima, media and adventi-
tia can be clearly defi ned. The intima, the most inner layer of 
the vessel wall, is characterized as a signal-rich, highly back-
scattering layer of tissue. It can be very thin, as is usually the 
case in young individuals. However, with advancing age, the 
thickness of the intima gradually increases. Although arbi-
trarily chosen, a thickness of 300 μm is considered as the 
cut-off between normal intima and intimal thickening. 
The OCT appearance of such intimal thickening is usually 
characterized as a homogenous signal rich area. Small areas 

of lower signal intensity can sometimes be observed, 
 compatible with small lipid accumulations. It is important to 
remember that intimal thickening is not considered as a state 
of atherosclerotic disease (Fig.  4.7 ).

   The media is the second layer of the vessel wall and 
 characteristically has a signal-poor intensity, as it is predom-
inantly composed of smooth muscle cells and extracellular 
matrix. The third layer, the adventitia, is heterogeneous with 
a highly backscattering fi rst layer and periadventitial tissue 
that usually has a very loose structure [ 18 ,  19 ]. 

 Fibrous, fi brocalcifi c and lipid plaques are the manifesta-
tions of atherosclerotic disease. Differences in backscatter-
ing (the intensity of the back refl ected signal) and attenuation 
properties (the degree by which the intensity of the light sig-
nal decreases gradually by scattering and absorption while 
traveling into deeper tissue layers) are different between 
these various types of plaques. 

 A fi brous plaque, also described as pathologic intimal 
thickening, is described as a homogeneous highly 

a b c

d e f

  Fig. 4.7    Normal vessel wall, intimal thickening and fi brous plaque. In 
panel  a  (with magnifi cation in panel  d ), the typical three-layered structure 
of the vessel wall is visualized, with a thin highly backscattering intima 
( i ), a more signal poor media ( m ), which can present with slightly varying 
thickness and a highly backscattering adventitia ( a ). In panel  b  (magnifi -
cation in panel  e ), a region with intimal thickening is described between 
6 and 7 o’clock. The intimal thickness (measured from the  luminal border 

to the beginning of the media) is 330 μm. The  green arrow  is indicating a 
zone with lower signal intensity within the region of intimal thickening, 
compatible with beginning lipid deposition. In panel  c  (magnifi cation in 
panel  f ), a fi brous plaque is shown. Due to the poorly attenuating proper-
ties of the fi brous plaque, it is still possible to see the media bordering 
the fi brous plaque ( white arrow ) (distance from luminal border to media 
is 850 μm). The  asterisk  is indicating the guide wire artifact       
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 backscattering region. An intimal thickness of 600 μm is 
considered as the cut-off between normal and pathologic 
intimal thickening. Although some lipid or calcifi ed content 
can be observed in fi brous plaques, these should not occupy 
more than 1 quadrant. Due to the low attenuation properties 
of fi brous plaques, it is often possible to visualize the media 
through the fi brous plaque. 

 Fibroatheromas are plaques containing lipid pools cov-
ered by a fi brous cap. This cap can be thick (thick cap fi bro-
atheroma) or thin (thin-capped fi broatheroma, TCFA) 
(Fig.  4.8 ). It is generally accepted that a thin cap overlying a 
lipid pool, together with the presence of infl ammatory cells, 
is the hallmark of a vulnerable plaque (this means a plaque 
that is prone to rupture, thus causing an acute coronary syn-
drome or sudden cardiac death). A fi broatheroma is consid-
ered to be present when the lipid pool/necrotic core exceeds 
>1 quadrant. It is generally agreed upon that lipid accumula-
tion in ≥2 quadrants is required to comply with the defi nition 
of TCFA. According to histopathologic defi nitions, 65 μm 
has been the historically accepted cut-off to discriminate 
between thin and thick-capped fi broatheroma. Although 
challenged by several publications advocating higher cut-off 
values, this cut-off is still accepted in OCT assessment of 
fi broatheroma and vulnerable plaques, pending further evi-
dence and consensus in the community [ 20 ,  21 ]. It should be 
acknowledged as well that there is important interobserver 
variability in these measurements, especially for choosing 

the frame with the lowest cap thickness. The typical not 
sharply demaracted delineation between the fi brous cap and 
the underlying lipid core adds to the variability in the mea-
surements. In the setting of acute coronary syndrome due to 
TCFA rupture, a variable amount of (usually red) thrombus 
is present in the frames of interest, often obscuring parts of 
the vessel wall with important disease involvement.

   The transition between the overlying fi brous cap (with a 
high intensity signal) and the underlying lipid pool (a signal- 
poor region due to strong attenuation) is typically smooth 
and diffusely demarcated. Pathologically, necrotic cores are 
considered an advanced stage of lipid pools, after destruction 
of the extracellular matrix. In OCT images, the difference 
between lipid pool and necrotic core is not easy to make. 
Due to their content of debris, necrotic cores are thought to 
have faster signal drop-off than lipid pools due to a slightly 
higher optical attenuation coeffi cient [ 13 ]. 

 The presence of lipid pools is often overinterpreted. 
A very thick fi brous intima, causing strong attenuation, may 
falsely lead to the suspicion of underlying lipid accumula-
tion. The same mistake can be made when the imaging cath-
eter is located far away from the interrogated area. It must be 
emphasized that the capacity of OCT to detect lipid plaques 
is at its best close to the lumen border. The larger the distance 
between the imaging source and the vessel wall, the higher 
the degree of lipid plaques being misclassifi ed as fi brous 
ones [ 18 ,  22 ,  23 ]. 

ba

  Fig. 4.8    Thick- and thin-capped fi broatheroma. In panel  a , a thick- 
capped fi broatheroma is demonstrated as a signal poor, strongly attenu-
ating region from 11 to 3 o’clock, compatible with lipid occumulation 
(indicated with  L ). In panel  b , a thin cap fi broatheroma is present from 

6 to 1 o’clock, representing a lipid arc of over 180°. At its thinnest 
point, the fi brous cap ( red arrows ) (magnifi cation in insert) is measur-
ing only 70 μm. The  asterisk  is indicating the guide wire artifact       
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 With gradually increasing size of the plaque volume, nur-
turing vessels, known as microvessels, can be observed 
growing from the adventitia into the inner layers of the ves-
sel wall and the plaque. As these microvessels communicate 
with the periadventitial vasculature and eventually with the 
lumen of the coronary artery, their blood content is fl ushed 
during an OCT pullback. Therefore, microvessels appear as 
round or oval shaped (depending if they are cut in a cross- 
sectional or longitudinal fashion) structures with luminal 
content comparable to the blood vessel lumen. Microvessels 
are usually relatively small in size (Fig.  4.9 ). To discriminate 
larger microvessels from small side branches, inspection of 
adjacent frames will show side branches coming in from the 
vessel lumen and microvessels typically not transversing the 
intima (Fig.  4.10 ).

    Another characteristic of vulnerable lesions is the pres-
ence of macrophages. These are infl ammatory cells located 
in the fi brous tissue covering a fi broatheroma, often occur-
ring in clusters. Due to their high backscatter and attenuation 
characteristics, macrophages are visualized in OCT images 
as highly intense structures casting a very dark shadow 
(Fig.  4.11 ) [ 24 ,  25 ]. Macrophages can occur isolated and 
more spread or clustered together, appearing as single dots or 
bands of highly refl ecting tissue, respectively. The strong 
attenuating properties of macrophage collections cause the 
casting of a laterally sharply demarcated shadow. This is a 
typical characteristic which can help to differentiate a band 
of macrophages overlying a fi broatheroma from a true 
TCFA. In case of isolated groups of macrophages, causing 
multiple thin rays of dark shadows, it is advised to inspect 

a b

  Fig. 4.9    Microvessels. Microvessels representing  round to oval shaped  structures with black content, indicated with  red arrows  and occurring in 
the setting of intimal thickening (panel  a ) and fi brocalcifi c plaque (panel  b ). The  asterisk  is indicating the guide wire artifact       

a b c d

  Fig. 4.10    Discrimination between microvessels ( red arrows ) and side 
branches. Microvessels typically grow in from the periadventitial vessels 
towards the media and intima, not transversing the luminal border 

(7 o’clock panel  a – c ). Panel  d  is showing a sidebranch (SB) coming into 
the lumen around 2 o’clock. The  asterisk  is indicating the guide wire 
artifact       
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the inner layer of the vessel wall in the gaps between the 
shadows, to discriminate a fi brous plaque from a lipid pool.

   Calcium has low backscatter and low attenuation  properties. 
Fibrocalcifi c plaques appear as signal-poor or heterogeneous 

regions with a sharply delineated border. When the calcium 
accumulation is located superfi cially and does not extend into 
the deeper layers of the vessel wall, it is most often possible to 
visualize its entire thickness by OCT and the backside of the 
plaque can be identifi ed in such cases as well (Fig.  4.12 ).

4.4       Acute Coronary Syndrome 

 Three main categories of vulnerable plaques (which is con-
sidered the pathophysiologic substrate for acute coronary 
syndrome (ACS)) have been described: TCFA with rupture, 
plaque erosion and calcifi ed nodule, responsible for ACS in 
2/3, 1/3 and 1/20 of cases, respectively (Fig.  4.13 ) [ 12 ]. 
Although not mandatory, small or large intraluminal thrombi 
are very often observed in the setting of ACS. Thrombi 
appear on OCT as masses attached to the luminal surface or 
fl oating within the lumen. Due to their difference in optical 
characteristics, it is possible to discriminate between red and 
white thrombi. Red thrombi contain a lot of red blood cells 
and demonstrate high backscatter and high attenuation, while 
white thrombi (rich in white blood cells and blood platelets) 
show less backscatter and have low attenuation [ 26 ]. In many 
cases, mixed thrombus is present. The strong attenuation by 
red thrombus precludes any reasonable interpretation of the 
vessel wall beyond (Fig.  4.14 ).

    It is very important to discriminate intraluminal thrombus 
from residual blood due to insuffi cient clearance of the 

  Fig. 4.11    Macrophages. A thin layer of macrophages is observed from 
7 to 10 o’clock. Macrophages exhibit highly intense backscattering 
properties (magnifi ed box), casting a dark shadow which is sharply bor-
dered laterally. The  asterisk  is indicating the guide wire artifact       

a b

  Fig. 4.12    Fibrocalcifi c and mixed plaque. Sharply demarcated low sig-
nal intensity region from 2 to 5 o’clock in panel  a , compatible with a 
fi brocalcifi c plaque. Unless very thick calcium accumulations are pres-
ent, it is usually possible to visualize the back border of the calcifi ed 

plaque, due to the weak attenuation properties of calcifi ed tissue. In 
panel  b , a calcifi ed plaque ( C ) with some lipidic inclusions ( L ), charac-
terized by stronger attenuation, is present from 4 to 7 o’clock. The 
 asterisk  is indicating the guide wire artifact       
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 vessel. While the former usually has irregular contours, the 
latter is often characterized by a swirling phenomenon in 
multiple frames. In several cases of ACS or stent thrombosis, 
it can be diffi cult to discriminate between both. 

 TCFA with rupture shows features of intimal tearing, 
 disruption or dissection. Usually, an underlying cavity is 
observed, which can be fi lled with necrotic debris or thrombi, 
but can be washed out by the contrast fl ush as well. 

 Plaque erosion is defi ned as evidence of thrombus, 
together with an irregular lumen surface and no evidence of 

fi brous cap rupture in multiple adjacent frames on OCT [ 3 , 
 13 ]. Plaque erosions are predominantly observed in rela-
tively young and female patients. The underlying lesion can 
be a fi brous plaque or a fi broatheroma, but no cap rupture 
may be present according to the defi nition. 

 Calcifi ed nodule is defi ned as a calcium accumulation 
protruding into the lumen, frequently exhibiting sharp 
angles, capable of puncturing the fi brous layers above and 
causing subsequent thrombus formation. These lesions are 
more common in older patients [ 12 ].  

a b c

  Fig. 4.13    Acute coronary syndrome. Panel  a : Thin-capped fi broather-
oma rupture (the rupture site is indicated with a  red arrow ) with some 
superimposed thrombus ( green arrow ) around 8 o’clock. Panel  b : 
Probable plaque erosion from 11 to 12 o’clock causing acute coronary 

syndrome in a 64-year old female patient. No signs of lipid pool in the 
current or adjacent frames. Panel  c : calcifi ed nodule with penetration 
into the lumen ( red arrow ) from 11 to 12 o’clock. The  asterisk  is indi-
cating the guide wire artifact       

a b

  Fig. 4.14    Red and white thrombus. Panel  a : red thrombus (thr) from 
8 to 11 o ‘clock characterized by an intense signal layer and casting a 
dark shadow, precluding interpretation of the underlying tissue. Panel 
 b : white thrombus (thr) from 6 to 8 o’clock casting a less dark shadow 

so that interpretation of the underlying vessel wall is still possible. 
A calcifi ed plaque is indicated with ( C ). The  asterisk  is indicating the 
guide wire artifact       
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4.5     Assessment of Coronary Stents After 
Implantation and at Follow-Up 

 Metallic stent struts have a typical and easy recognizable 
appearance on OCT images. They appear as highly intense 
linear structures with typical blooming (intense signal), cast-
ing a dark shadow obscuring the underlying vessel wall. 
Many characteristics of vessels immediately after stent 
implantation can be described, such as plaque prolapse, 
plaque protrusion, edge dissections, intra-stent dissections 
and intra-stent cavities (Fig.  4.15 ) [ 27 ]. With respect to the 
struts themselves, their apposition to the vessel wall, both 
immediately after implantation and at follow-up and the 
degree of tissue coverage over the stent strut surface at any 
time after implantation, are the most important parameters in 
OCT studies.

   Tissue prolapse describes convex-shaped tissue with a 
regular surface protruding between adjacent stent struts 
towards the lumen, without disruption of the continuity of 
the luminal vessel surface while tissue protrusion corre-
sponds to masses with an irregular surface attached to the 

vessel wall or to the stent struts, protruding beyond the struts 
into the lumen [ 28 ]. 

 Intra-stent dissection (ISD) is defi ned as a disruption of 
the luminal vessel surface in the stented segment with either 
a visible dissection fl ap protruding in the lumen or a cavity in 
the vessel wall [ 29 ]. 

 Malapposition is present when the axial distance 
between the strut surface and the luminal surface is greater 
than the thickness of the stent strut (including polymer, if 
present). The latter is different for each type of stent and 
varies from around 150 μm in fi rst generation drug-eluting 
stents (DES) to around 90 μm or even lower in second gen-
eration DES. 

 In contrast to IVUS, hampered by a ten times lower reso-
lution and a higher susceptibility to artifacts, OCT has been 
proven to be a reliable technique to assess the neointimal 
coverage above stent struts, even in the more diffi cult situa-
tions where a thin layer of neointima has to be discriminated 
from a completely uncovered strut. By defi nition, struts are 
considered uncovered if no evidence of tissue can be visual-
ized above the struts (Fig.  4.16 ) [ 13 ].

a b c

d e f

  Fig. 4.15    Acute effects of stent implantation. Panel  a  and  b : Intra-stent 
dissection with luminal dissection fl ap in ( a ) and empty cavity in ( b ). 
Panel  c : tissue prolapse. Panel  d : edge dissection. Panel  e  and  f : exam-

ples of tissue protrusion (Panels  a – d  from De Cock et al. [ 27 ]). The 
 asterisk  is indicating the guide wire artifact       
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4.6       Limitations 

 The unsurpassed detail of OCT images and the safe and fast 
acquisition with current technology has led to an enthusiastic 
adoption by the interventional cardiologists community. It is 
equally important, however, to be aware of several limita-
tions of current generation OCT systems in order to avoid 
over- or misinterpretation. 

 The fi rst issue is the limited penetration depth of OCT 
(1–2 mm) compared to intravascular ultrasound (IVUS) 
(8–10 mm). Therefore, in many cases, no reliable assessment 
of plaque volume or of disease states of the deeper layers of 
the vessel wall can be made. With respect to the assessment 
of lumen area and vessel diameters, excellent agreement 
between IVUS and OCT measurements has been reported in 
non-diseased vessel segments. However, differences have 
been observed in lumen and stent areas in diseased segments, 
with smaller values consistently obtained with OCT, proba-
bly due to a better delineation of lumen area and stent area 
with OCT. When using OCT for guidance of PCI, it is impor-
tant to rely on lumen criteria, as classical media to media 
values, as used in IVUS studies, cannot be obtained reliably 
with OCT. 

 A second limitation is the interpretation of tissue covered 
by thrombus. Especially red thrombus casts a complete 
shadow over the underlying vessel wall, making any reliable 
interpretation impossible. In such setting, no fi rm statements 
on qualifi cation of underlying plaque or characterization of 
the healing status of stent struts (a common scenario in stent 
thrombosis) can be formulated. 

 With respect to long term healing characteristics of stent 
struts, the assessment of coverage with OCT has been vali-
dated against histopathologic data. However, the analysis of 
struts with an ultra-thin layer of neointima can be diffi cult. 

Moreover, small deposits of fi brin can be misclassifi ed as 
coverage above struts. In many cases, the neointimal layer 
above struts has a heterogeneous aspect, with zones with 
intense backscattering alternating zones with low backscat-
tering. Current OCT technology is not capable of differenti-
ating the exact nature of these lower intensity zones, which 
can be caused by fi brin deposition around struts, lipid accu-
mulation or accumulation of infl ammatory cells. With future 
technical innovation, such as combined OCT/near infrared 
fl uoroscopy, it might be possible to characterize further 
between these early stages of neointimal tissue formation in 
the future. 

 Finally, it is important to recognize the limitations of 2D 
OCT imaging (especially in the setting of bifurcation treat-
ment and in cases of stent deformation and stent fracture). 
The development of on-line available detailed 3D recon-
structions is in an advanced stage with the fi rst application 
already entering the clinical arena. These 3D visualizations 
offer more insight into these specifi c stent-related issues in 
the future.     
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5.1         Introduction 

 OCT continues to gain use as an imaging tool in the cardiac 
catheterization laboratory for providing measurements of the 
vessel diameter, stent apposition, and basic plaque character-
ization. However, understanding the limitations of OCT 
imaging technology is critical so that artifacts are correctly 
interpreted when assessing plaque vulnerability, disease bur-
den, or pre- or post-prognosis of stent deployment. Also, 
some OCT artifacts can be corrected if the user recognizes 
the artifact and makes appropriate modifi cations to the imag-
ing procedure. This chapter is segmented into three parts to 
describe: (1) artifacts that originate with light propagation in 
the catheter, lumen or vessel wall, (2) artifacts related to 
catheter location and movement, and (3) artifacts associated 
with stents. With the recognition of the artifacts described in 
this chapter, improved OCT image interpretation can be 
achieved.  

5.2     Light Propagation in the Catheter, 
Lumen or Vessel Wall 

 OCT light for intravascular imaging is centered at approxi-
mately 1,300 nm and able to penetrate through most con-
stituents of the arterial wall to depths of 1–2 mm. However, 
some vessel constituents will attenuate OCT light more 
strongly causing the appearance of shadows that reduce the 
intensity of the OCT signal in the arterial wall. Features in 
the shadowed regions may still be decipherable if the inten-
sity is not reduced signifi cantly, but if the intensity is signifi -
cantly reduced, it will prevent the underlying tissue structure 
from being accurately interpreted. 

5.2.1     Guide Wire Shadow 

 An artifact that is present in all current clinical OCT images is 
a shadow caused by the guide wire. The guide wire functions in 
clinical imaging to direct the OCT imaging catheter to the coro-
nary arteries being imaged. In research settings, the guide wire 
may or may not be necessary and can even be removed once it 
has been used to align the imaging wire, though this may cause 
diffi culties if repeated pullbacks are acquired from the same 
location. The guide wire shadow will completely mask the 
underlying tissue and stents and is commonly labeled with an 
asterisk in scientifi c publications (see asterisk in Fig.  5.10 ).  
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5.2.2     Ghost Lines 

 Ghost lines appear as circular features in the OCT image and 
should not be considered representative of the vessel wall 
anatomy (Fig.  5.1 ) [ 1 ]. A ghost line is caused by light refl ec-

tions from at least two interfaces within the interferometer 
that may include the catheter. Commonly, one or both refl ec-
tions that cause a ghost line originate from interfaces in the 
catheter. Position of the ghost line in the OCT image depends 
on the optical pathlength difference between the two under-
lying refl ections. Typically the edges of the catheter are 
selected to calibrate any measurements taken of features in 
OCT images. If the ghost lines are mistaken as the edge of 
the catheter, features of the OCT image will be artifactually 
diminished or reduced. For example, vessel cross-sectional 
areas may be artifactually smaller than their true physical 
size, and stent strut malapposition may be underestimated.

5.2.3        Residual Blood from Incomplete 
Lumen Flushing 

 Blood must be completely fl ushed from within the lumen 
during OCT imaging to prevent artifacts resulting from OCT 
light scattered by red blood cells. When blood is present, 
lumen artifacts can appear in the OCT image as signal-rich 
areas instead of a transparent lumen completely free of OCT 
signal (Fig.  5.2 ). Scattering of light from within the lumen by 
blood can cause shadowing that will decrease the intensity of 
the OCT signal from the arterial wall and can cause diffi culty 
in interpretation of arterial structure. [ 1 – 6 ] Scattering by 
blood can also introduce signifi cant changes to stent strut 
appearance including merry-go-round, blooming, and ghost 

  Fig. 5.1    Ghost lines. OCT image with ghost lines between outer cath-
eter ( red dotted line ) and  blue arrow        

a b

  Fig. 5.2    Blood artifact. ( a ) Coronary artery with “spotty” luminal blood due to poor clearance. ( b ) Stented superfi cial femoral artery with 
“swirled” luminal blood due to very poor clearance. Stent struts with merry-go-rounding ( blue arrows ) are observed behind the blood       
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strut artifacts (Fig.  5.2b ), which are discussed in Sect.  5.4 . If 
OCT signal is observed in the vessel lumen, modifying the 
fl ush parameters and repeating the imaging procedure can 
correct this artifact. At times there is concern that multiple 
power injections will increase trauma to the coronary wall 
and complications to the patient, or that the increased contrast 
volume will result in renal insuffi ciency. However, literature 
demonstrating the safety of power injection of coronary arter-
ies mitigate some of these concerns. For trained cardiologists, 
hand injection is also a suitable alternative to clear blood dur-
ing intravascular OCT imaging [ 7 ]. When concerns regarding 
contrast induced renal damage exist Dextran-40 can be used 
to clear the blood instead of contrast [ 8 ,  9 ].

5.2.3.1       Thrombus 
 Red cell thrombus positioned between the catheter and arte-
rial wall can also cause shadowing. Thrombi can form on the 
surface of the arterial wall, stent struts or the catheter. 
Shadow effects are greater for thrombi positioned closer to 
the catheter. In any of these cases, a shadow will appear 
beyond the thrombus, diminishing the signal intensity origi-
nating from the arterial wall (Fig.  5.3a ). Red cell thrombi 
will typically not only shadow the arterial wall beneath, but 
also obscure the back side of the clot furthest from the light 
source and introduce some uncertainty in computing the vol-
ume of a red cell thrombus. A white cell thrombus is more 
translucent (less scattering) to OCT light compared to red 
thrombi and result in less shadowing (Fig.  5.3b ). By 

 examining the signal attenuation strength within the throm-
bus, distinguishing between red and white cell thrombi is 
possible. Reconstruction and volume calculations for white 
thrombi are generally more accurate than for red thrombi.

5.2.4         Gas Bubbles 

 Gas bubbles can form inside fl uid-fi lled catheters. These 
bubbles are highly scattering due to the large refractive index 
difference between the gas and surrounding fl uid and will 
also cause the appearance of a shadow that will decrease the 
signal intensity of the arterial wall (Fig.  5.4 ) [ 1 – 4 ,  6 ]. They 
are recognized by a distinct region of brightness inside the 
catheter and diminished signal in the part of the OCT image 
in the path of the disrupted region of the catheter. These gas 
bubbles can form inside the catheter if the operator does not 
correctly pre-fl ush the imaging catheter before placement 
into the patient for imaging. Gas bubbles can also appear in 
the lumen of the vessel in cadaver heart studies, causing the 
appearance of a bright outline of the bubble and a shadow in 
the OCT image behind the bubble.

5.2.5        Metallic and Biodegradeable Stents 

 Metal stents block incident OCT light and thus cause 
 shadows behind each strut. A substantial fraction of the 

a b

  Fig. 5.3    Clots. ( a ) Red blood clot (denoted by  red dot ) causing complete attenuation of the OCT beam. ( b ) White blood clot (denoted by  white 
dots ) within a stented vessel causing partial attenuation of the OCT beam       
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 arterial cross-section can be disrupted by these shadows, 
which can then signifi cantly complicate the process of 
characterizing the underlying tissue structure. Dropout of 
light occurs behind metallic struts, where struts typically 
appear as a single leading edge feature that casts a single 
expanding broad shadow over the arterial wall beginning 
with the width of the stent strut. This light dropout can 
often be used as a strategy to recognize the presence of 
older stents in regions of complex neoimtima and new 
plaque growth. In contrast to metallic stents, biodegradable 
stent strut shadows are normally observed along the two 
lateral sides of the strut, leaving a much greater volume of 
the native tissue structure (e.g., plaque, intima, media) 
interpretable for light interrogation.  

5.2.6     Superfi cial Shadowing by Macrophages 

 Attenuation of light by macrophage accumulations can cause 
shadows in OCT images that appear falsely as an underlying 
lipid pool or necrotic core. Thus a relatively normal artery 
with superfi cial infi ltration of macrophages can even appear 
as a thin-capped fi broatheroma (Fig.  5.5 ), causing a non- 
vulnerable plaque to incorrectly appear vulnerable to rup-
ture. Shadowing is not due to the macrophage itself, but 
rather is caused by either (1) large pools of lipid-fi lled mac-
rophages (foam cells) that cause light to attenuate similarly 
to a lipid pool due to the low index of refraction (IR) of lipid 

or (2) its association with compact structures with high IR 
such as micro-calcifi cation and cholesterol crystals [ 10 ]. 
Increased scattering and shadowing by these structures is 
anticipated by classical scattering theory (e.g., Mie), which 
describes the way light scatters from objects. In addition to 
ingesting lipid, macrophages can engulf microcalcifi cations 
[ 11 ] and cholesterol crystals [ 12 ]. Small cholesterol crystals 
and microcalcifi cations, both of which have high IRs com-
pared with surrounding tissue structures can cause shadow-
ing. In general, macrophages do not necessarily have optical 
properties that would cause a shadow, unless they are a large 
cluster of lipid-rich foam cells or have engulfed a micro- 
calcifi cation or plaque component that has an IR substan-
tially higher than that of lipid.

5.2.7        Saturation Artifact 

 When OCT light is incident on an object that causes a large 
backscattered signal the OCT detector can saturate. The satu-
ration effect introduces signal energy in much of the OCT sig-
nal detection bandwidth so that a bright line appears for that 
particular A-scan in the OCT image (Fig.  5.6 ). Polar-to- 
rectangular conversion causes the saturation artifact to bleed 
laterally into adjacent A-scans [ 1 – 4 ]. Radial extent of the 
bright line depends on the artifactual frequencies introduced 
and can extend beyond the strongly backscattering object deep 
into the arterial wall and extend to the edge of the OCT image. 

a b

  Fig. 5.4    Bubble Artifacts. ( a )  Ex vivo  heart with luminal bubble ( green 
arrow ) adhered to catheter. Refraction of light at bubble contour results 
in bubble shadow ( red arrow ) and tissue discontinuities ( blue arrows ). 

( b ) Bubble inside catheter (inset) due to inadequate fl ushing results in a 
dimmed sector. (Panel B from Bezerra et al. [ 2 ])       
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At larger radial distances from the catheter, polar-to- rectangular 
conversion results in broadening of the artifact. Objects that 
can cause a saturation artifact include stent struts, the guide 
wire, and sometimes components in the arterial wall or tissue 
surface such as microcalcifi cations and cholesterol crystals.

5.3         Catheter Location and Movement 

 The catheter location within the vessel lumen (center or off- 
center) and the vessel diameter can affect the OCT image 
appearance. Additionally, motion of the imaging catheter, 
due to rotation and pullback speed, can alter the OCT image 
appearance as well. 

5.3.1     Non-Uniform Rotational Distortion 
(NURD) 

 NURD is due to a non-constant angular velocity of the 
mono-fi ber optical catheter and appears in OCT images as a 
blurring or smearing in the lateral (or rotational) direction 
(Fig.  5.7 ). [ 1 – 3 ] NURD normally occurs due to mechanical 
rotational resistance in the catheter due to a either a tortuous 
or narrow vessel, a tight hemostatic valve, or possibly a 
crimped catheter sheath. Additionally, NURD can be caused 
by a defective catheter. The NURD artifact also occurs in 
other imaging systems that rely on a rotating mechanical ele-
ment (such as intravascular ultrasound).

5.3.2        Fold-Over Artifact 

 Fold-over artifact is observed when the vessel diameter is too 
large for the fi eld-of-view of the imaging catheter. In such a 
case, OCT signal aliasing occurs and the image appears to 

a b

  Fig. 5.5    False TCFA. Superfi cial macrophage infi ltration causes appearance of false thin-capped fi broatheroma. The  red dashed line  outlines the 
region of light dropout in the OCT image ( a ) and the region of macrophages in the CD68 histology section ( b ). Scale bars represent 1 mm       

  Fig. 5.6    Saturation artifact. OCT image with saturation artifacts ( blue 
arrows ) occurring at stent struts       
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fold back on itself in an inverted refl ection of the tissue 
(Fig.  5.8 ) [ 1 – 3 ]. The folded-back portion of the image should 
not be used to assess the tissue geometry of the vessel.

5.3.3        Tangential Light Drop-out 

 When the imaging catheter is positioned close to the arterial 
wall so that the light is emitted nearly parallel to the tissue 
surface, that part of the artery wall may appear to attenuate 
light when in actuality the optical beam is not penetrating in 
that region (Fig.  5.9 ). This artifact may be confused with the 
appearance of a thin-capped fi broatheroma, superfi cial accu-
mulation of macrophages, a lipid pool, or a necrotic core and 
thus the knowledge of this artifact should be considered 
when assessing the tissue composition in regions of artery 
that are nearly parallel to the OCT light beam [ 1 ].

5.3.4        Sew-up or Seam Artifact 

 OCT pullbacks are acquired by the light beam tracing a helix 
on an idealized cylindrical lumen wall during a pullback. For 
example, at a 1 mm/s pullback speed, an approximately 
270 μm longitudinal separation exists between the starting 
and fi nal A-scans after a single 360° rotation of the catheter. 
The combined rotational and longitudinal motion of the cath-
eter results in a discontinuity between successive B-scans, 
which is called a sew-up or seam artifact. The  artifact is rep-

resented as a gradient along the lateral direction and nor-
mally is most prominent as a discontinuity of the luminal 
surface but can be observed within the arterial wall as well. 
Although the sew-up artifact is always present and can be 
observed in many images presented in this chapter, different 
conditions can accentuate the appearance. For example, 
when the relative position between the imaging catheter and 
vessel wall exhibits a large longitudinal gradient due to ves-
sel tortuosity, luminal diameter changes or calcifi ed and rigid 
plaque, sew up artifacts will be observed (Fig.  5.10 ) [ 1 – 6 ].

5.3.5        Effect of Beam Focus and Catheter 
Pupil on OCT Signal Strength 

 OCT signal intensity depends on a number of factors includ-
ing the beam spot size, backscattering strength of the tissue 
and solid angle between the backscattering site and pupil of 
the imaging catheter. Normally, a larger beam spot results in 
a smaller OCT signal intensity due to the increased amplitude 
and phase variation over the mode fi eld of the catheter fi ber. 
Light that backscatters from the tissue must enter the pupil of 
the imaging catheter and be coupled into a single mode opti-
cal fi ber. A smaller solid angle between the backscattering 
site and catheter pupil decreases OCT signal strength. The 
beam exiting from the OCT catheter is normally designed to 
focus at a position within the arterial wall being imaged. At 
positions before and after the beam focus, the spot size 
increases and normally results in less signal intensity. When 

  Fig. 5.7    NURD. OCT image with NURD artifact (between two  blue 
lines )       

  Fig. 5.8    Fold-over artifact. OCT image with fold-over artifact ( blue 
arrow )       
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the imaging catheter is very near or touching the arterial wall, 
although the spot size is larger the solid angle between the 
backscattered light and pupil of the  imaging catheter is also 
increased so that the OCT signal level can be relatively 
brighter than the light backscattered from tissue regions far 

from the catheter (Fig  5.11 ) [ 1 ]. Alternatively, when the 
backscattered light originates from a position farther than the 
beam focus, the two effects – larger spot size and smaller 
solid angle – contribute to a reduced OCT signal intensity.

a b

  Fig. 5.9    Tangential light drop out. ( a ) OCT image with tangential light 
drop out. ( b ) Corresponding hematoxylin and eosin histology.  Oval  
denotes area where tangential light drop out causes the appearance of a 

necrotic core that is not revealed by histology.  Blue lines  indicate the 
direction of light beams tangential to the tissue that appears to have 
artifactual light dropout. Scale bars represent 1 mm       

  Fig. 5.11    Beam divergence. OCT image with beam divergence arti-
fact. The tissue near to the catheter is very bright whereas the rest of the 
image is dimmer. It can be observed that the brighter region (3 o’ clock) 
has higher resolution compared to the dimmer area (9 o’ clock)       

  Fig. 5.10    Seam artifact. OCT image with seam artifact occurring at a 
branch ( blue arrow ). Guidewire shadow denoted by the  asterisk        
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5.3.6        Obliquity/Eccentricity 

 When the imaging catheter is centered and parallel to a cylin-
drical vessel, the luminal wall in OCT images will appear 
circular; however, when the catheter is oblique to the vessel 
axis, which places it closer to the artery wall in some longi-
tudinal positions and further in others, a circular vessel will 
appear elliptical. In these cases, the shape of the vessel lumen 
can appear distorted by an oblique imaging catheter and this 
effect needs to be taken into account when making measure-
ments of an artery area with OCT images [ 13 ,  14 ]. Moreover 
if the z-offset is not at the center of the imaging catheter fi ber 
and the catheter is at an eccentric position artifacts may be 
introduced in the shape of the vessel wall.   

5.4      Stent Artifacts 

 Metal stents strongly backscatter light and normally are 
clearly observed in OCT images as small bright line seg-
ments. Strong scattering by metallic stents is due to the large 
imaginary component of the index of refraction of the metal 
which results in intense refl ections. Residual blood incom-
pletely fl ushed from the lumen can introduce various arti-
facts in the appearance of the metallic stent struts. 
Bioabsorbable stents, on the other hand, refl ect and scatter 
OCT light more weakly than metal and are dominated by 
diffuse refl ection of light from the strut surface. Diffusely 
refl ected light occurs when incident light returns from a strut 
in many directions, as, for example, observing light refl ected 

from frosted glass. Bioabsorbable stents exhibit a unique set 
of artifacts that are distinct from metallic stents. 

5.4.1     Merry-Go-Round Artifact 

 Merry-go-round artifact occurs when the small bright line 
segments that represent a stent strut appear elongated in the 
lateral (rotational) direction (Fig.  5.12 ). Merry-go-rounding 
has also been described as an artifactual stretching of the 
stent strut. Two mechanisms have been suggested for merry-
go- round artifact: (1) reduced lateral resolution due to an 
increased lateral distance between A-lines at increasing dis-
tances from the catheter [ 2 ,  6 ] and (2) a larger beam spot 
diameter at increased distances from the focus [ 1 ,  6 ]. 
However, neither mechanism addresses why merry-go- 
rounding is sometimes observed when the catheter is in the 
center of the artery and also does not explain exaggerated 
merry-go-rounding that can cause strut arc length to increase 
by up to 400 %. It was proposed that optical scattering in 
the lumen (primarily due to inadequate blood fl ushing) 
between the catheter and arterial wall can cause the light 
backscattered from the stent strut to appear to originate from 
a wider arc length than the true strut length [ 15 ]. This has 
been demonstrated experimentally and shown to account for 
the up to 400 % strut arc length increase in a lumen at 1 % 
hematocrit and also is demonstrated to cause merry-go- 
round whether the catheter is centered or eccentric. Due to 
scattering by red blood cells, OCT light in A-lines that would 
normally miss the strut on either side may be scattered away 

a b

  Fig. 5.12    Blood-induced merry-go-round. ( a ) Stented vessel phantom 
with saline fl ush. ( b ) Stented vessel phantom with homogenous 0.5 % 
hematocrit. Blood scatter results in blooming and merry-go-rounding 

of stent struts. Although the presence of blood is not apparent, it also 
results in dimming of the image       
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from their normal path and contact the strut. In the recon-
structed OCT image, the strut will appear artifactually elon-
gated to include these A-lines (which would have missed the 
strut in the absence of the scattering by blood).

5.4.2        Blooming 

 Blooming is the increase in strut refl ection thickness in the 
axial direction of OCT images (Fig.  5.12 ), causing the small 
bright line segment that represents the leading edge of a stent 
strut to appear thicker than normal, making it diffi cult to 
locate the true leading edge of the strut [ 1 ,  2 ,  4 ,  6 ,  16 ,  17 ]. 

Saturation artifact can sometimes be confused with  blooming 
though they are actually very distinct artifacts. Saturation 
artifact can cause blooming, but blooming can also be 
observed in the absence of saturation. For instance, when 
residual blood attenuates the OCT beam, the saturation arti-
fact may not occur, but the blooming artifact may still be 
observed (Fig.  5.13f ). A mechanism for blooming has been 
found to be the presence of optical scatterers (again, most 
likely due to residual blood following insuffi cient fl ushing) 
in the lumen. The scatterers cause variation in the path length 
that photons of an OCT beam travel between emission from 
the catheter and collection by the catheter. Due to this range 
of path lengths, photons of the OCT beam appear to come 

a

d e f

b c

  Fig. 5.13    Ghost struts. ( a ) MicroCT of a 3 × 8mm Xience V stent 
showing the fi ve repetitive embedded link regions along the longitudi-
nal axis, compared to 3D reconstructions of OCT images of the same 
stent imaged in ( b ) 0.9 % saline, and ( c ) 1 % Hct. The 1 % Hct causes 

longitudinal blurring (3D-merry-go-round) of the struts. ( d – f ) 
Corresponding B-scans from the center embedded link region of the 3D 
reconstructions in ( a - c ), respectively. As seen in ( f ), longitudinal blur-
ring can introduce ghost struts ( blue arrows ) where they do not exist       
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from different depths than the true strut leading edge, there-
fore thickening the line feature representing the leading edge 
of the strut in the OCT image. A hematocrit as low as 0.5 % 
has been demonstrated to more than double the thickness of 
the line feature representing the strut, [ 15 ] demonstrating 
both the importance of residual blood and how diffi cult the 
effect is to recognize since low hematocrits are diffi cult to 
observe in OCT images.

5.4.3        3D Merry-Go-Round (“Ghost Struts”) 

 Not only does artifactual stretching of stent struts occur in 
the axial (blooming) and lateral (rotational) direction (merry-
go- round) due to scatterers in the lumen such as residual 
blood, it can also occur in the longitudinal direction (3D 
merry-go-round), along the pullback, and between B-scans. 

We have coined the term “ghost struts” because 3D merry-
go- round creates the appearance of struts in OCT B-scans 
when no struts are actually present (Fig.  5.13 ). Both merry-
go- round and blooming are due to optical scatterers (most 
often red blood cells), and that scattering will occur both azi-
muthally and longitudinally.  

5.4.4     Sunfl ower Artifact 

 When the OCT catheter is located in an eccentric position in 
the presence of metallic stent struts, the sunfl ower artifact 
can occur. Sunfl ower artifact occurs when stent struts appear 
to bend towards the OCT catheter as sunfl owers grow toward 
the sun (Fig.  5.14 ) [ 1 – 3 ,  5 ,  6 ,  18 ]. This artifact may cause a 
well apposed stent to appear malapposed in a vessel. This 
occurs because with metallic stents, incident OCT light only 
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  Fig. 5.14    Sunfl ower mechanism. ( a ) Cartoon showing mechanism of sunfl owering with eccentric catheter position. ( b ) Stented phantom vessel 
with centered OCT catheter showing no sunfl owering. ( c ) Stented phantom vessel with eccentric catheter showing sunfl owering struts       
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refl ects from a small region of the edge of the strut back to 
the catheter, not the entire strut. This refl ection is primarily 
specular and is the dominant signal returning to the catheter. 
As subsequent OCT A-scans refl ect from this same point as 
the catheter rotates, the image reconstruction draws the strut 
as linear and perpendicular to the catheter.

   Elahi et al. [ 16 ] demonstrated how the sunfl ower effect 
can artifactually increase the distance between the stent strut 
and the vessel wall if the above mechanism is not properly 
understood. Since eccentric catheter positions produce light 

refl ections only from a small area on the stent struts, it is 
critical to correctly draw the stent strut relative to the light 
refl ection (Fig.  5.15 ). By doing so correctly, it is apparent 
that simply drawing the shortest line-segment between the 
center of the strut blooming in the IVOCT image to the lumi-
nal wall will provide the true distance of the stent from the 
vessel wall. Using this technique correctly also requires that 
the thickness of each manufacture’s stent strut is known, and 
this thickness must be subtracted from the measurement 
above.

a

e

f

g

b c d

  Fig. 5.15    Stent apposition measurement. ( a – d ) Simulation showing 
visualization of sunfl ower effect on struts as eccentricity of catheter 
increases.  Green  and  yellow arrows  show incorrect and correct meth-
ods, respectively, of measuring malapposition. ( e ) True strut shape and 
associated light refl ection. ( f ) Proper measurement method of strut 

malapposition accounting for strut thickness ( yellow arrow ). ( g ) OCT 
image of malapposed CYPHER stent in vessel with sunfl owering. 
Correct measurements from light refl ection ( dotted line ) and back of 
strut ( solid line ) are shown. [From Elahi et al. [ 16 ]]       
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5.4.5        Bioabsorbable Stents 

 Bioabsorbable stents do not exhibit the sunfl ower artifact. 
With metallic stents, detected light only refl ects from a small 
region of the strut back to the catheter, not the entire strut, 
when the light source is in an eccentric position. This local-
ized region of specular refl ection is the dominant signal 
returning to the catheter in the case of metallic stents. But, 
with bioabsorbable stents, diffuse refl ections dominate and 
specular refl ections are weaker than in metal stents. Thus the 
signal returning to the OCT catheter from bioabsorbable 
stents may originate from many areas of the strut surface as 
diffuse refl ections that are not dwarfed by the specular sig-
nal. Incident OCT light propagates into the polymer struts 
that refract the light and returns to the photo-receiver. 
Because light refl ections return to the catheter from many 
regions of the strut surface, the sunfl ower artifact does not 
occur and the strut is reconstructed correctly. Also, bioab-
sorbable struts appear “hollow” (all edges can be seen) in 
OCT images while only the leading edge of metallic struts 
are reconstructed in OCT images. The appearance of hollow 
struts is because light can transmit through the bioabsorbable 
strut with minimal scattering and refl ect off of subsequent 
optical interfaces. In metallic struts, light cannot refract 
through the metal so this is not observed. 

 Bright “fl ares” sometimes appear in bioabsorbable 
stent struts when visualized by OCT (Fig.  5.16 ). Gutiérrez-
Chico et al. [ 19 ] proposed that fl are spots were located 
at hinge points where the highest strain is experienced 

during  deployment, suggesting that they represent micro-
crazes (fi ne lines) in the polymer. Nonetheless, the 
mechanism for the presence of fl are spots in IVOCT 
images, and the large variation in their appearance where 
no two are alike was unclear. Elahi et al. [ 20 ] have dem-
onstrated that fl are spots observed in IVOCT images cor-
respond to gaps observed in micro-crazes on the arterial 
side of the stent. The appearance of fl are spots in IVOCT 
images is consistent with light refl ecting from surfaces 
formed at these gap boundaries before returning to the 
catheter. Thus, fl are spots are optical artifacts and consis-
tent with the normal deployment of biodegradable stents, 
without clinical signifi cance.

        Conclusion 

 In conclusion, numerous optical artifacts are recognized 
when imaging vessels with and without stents. These 
include ghost lines, saturation artifact, NURD, fold over 
artifact, tangential light drop out, sew up artifact, merry-
go-round, blooming, ghost struts and fl are spots. As the 
mechanism of these artifacts is determined, physicians 
will have a better ability to recognize these artifacts and 
prevent them from causing clinical misinterpretations. As 
a result, this chapter has attempted to provide not only a 
comprehensive list of all coronary OCT imaging artifacts, 
but also describe their mechanisms to better recognize 
and account for their appearance in recorded images.     
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     Despite a marked decline in cardiovascular mortality in recent 
years, which can be attributed both to the advancements in the 
diagnosis and therapy of cardiovascular disease and to the 
risk factor modifi cation, coronary artery disease (CAD) still 

remains one of the leading causes of morbidity and mortality, 
with more than 2,150 deaths per day (i.e., an average of 1 
death every 40 s) in the United States [ 1 ]. Over the last several 
decades, this awareness has prompted tremendous efforts to 
improve our understanding of the pathophysiology of CAD 
using in vivo imaging modalities, with the ultimate goal of 
aiding the diagnosis, developing therapies, and further 
improving the prognosis of these patients. Although several 
non-invasive imaging techniques have been proposed, such as 
multidetector computerized tomography [ 2 ], a number of 
invasive imaging tools have been implemented that are able to 
better characterize atherosclerotic plaques, by taking advan-
tage of the higher signal-to- noise ratio achievable by posi-
tioning an intracoronary probe adjacent to the plaque [ 3 – 6 ]. 
Since its introduction in the early 1990s, intravascular ultra-
sound (IVUS) has become a valuable tool enabling an accu-
rate assessment of the atherosclerotic burden in left main 
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disease and in intermediate coronary lesions, as well as to 
evaluate the vessel morphology [ 3 ]. However, its limited spa-
tial resolution (~100–200 μm) does not enable a detailed 
plaque characterization and visualization of microstructures, 
which are crucial for the identifi cation of vulnerable plaques. 
Virtual histology (VH)-IVUS has attempted to overcome this 
limitation, by providing a color-coded map of the atheroscle-
rotic plaques composition through a spectral radiofrequency 
analysis of the raw backscattered ultrasound signal, but it 
does not achieve the precision required to visualize micro-
scopic plaque features [ 4 ]. From a different perspective, near- 
infrared spectroscopy (NIRS) has been designed to assess the 
lipid content of plaques in the form of a “chemogram” [ 5 ], 
while sacrifi cing the ability to detect all other plaque charac-
teristics. Due to its higher resolution (10–15 μm), optical 
coherence tomography (OCT) enables an “optical biopsy” of 
the coronary artery wall, in vivo and in real time, and repre-
sents the modality of choice for the assessment of thin-cap 
fi broatheroma (TCFA) and of other important microstruc-
tures such as neovascularization, macrophage density, micro-
calcifi cations, and cholesterol crystals [ 6 ,  7 ]. 

 The present chapter focuses on the utility of intracoronary 
OCT, both as a diagnostic modality and as a research tool, in 
the detailed characterization of coronary atherosclerosis, in 
relation to the different clinical presentations (i.e., stable 
angina vs. acute coronary syndromes), and to the traditional 
cardiovascular risk factors (i.e., diabetes mellitus, dyslipid-
emia, smoking, hypertension) and other predisposing condi-
tions (i.e., metabolic syndrome, chronic kidney disease). 

6.1     In Vivo Characterization of Coronary 
Atherosclerosis by OCT 

 Intracoronary OCT has allowed us to discover the intricate 
pathophysiology of coronary atherosclerosis, with a level 
of accuracy and precision that were inconceivable before its 
introduction in the clinical and research arena [ 8 ]. The high 
resolution of OCT imaging enables the visualization of the 
three- layer structure of the normal coronary vessel wall (i.e., 
intima, media, adventitia), which was not previously feasible 
with other imaging modalities [ 7 ]. The intima is visualized as 
a signal-rich layer delimiting the coronary lumen, surrounded 
by the media (signal-poor middle layer) and the adventitia 
(external signal rich layer) [ 7 ,  9 ]. When an atherosclerotic 
plaque is present, OCT shows a loss of the three- layered struc-
ture of the vessel wall, with a different appearance according 
to the specifi c plaque composition [ 9 ]. The detailed coronary 
plaque morphology was assessed for the fi rst time in vivo in 
2005, when our group used intracoronary OCT to observe 
the coronary artery architecture in patients with CAD [ 6 ]. 
While fi brous plaques appear as homogeneous and signal-
rich regions, lipid and calcifi c plaques are characterized by a 

signal-poor appearance with diffuse or sharp borders, respec-
tively [ 6 ,  9 ] (See Fig. 6.1   ). Although these plaque types could 
also be visualized by IVUS [ 4 ], the introduction of OCT 
enabled interventional cardiologists and researchers to obtain 
additional detailed microstructural information, and most 
importantly to measure the thickness of the fi brous cap over-
lying lipid plaques [ 7 ]. This is of uttermost relevance, if we 
consider that TCFA, pathologically defi ned as a plaque with 
large necrotic core covered by a thin (<65 μm) fi brous cap 
with macrophage infi ltration, is considered the prototype of 
vulnerable, rupture-prone plaque [ 10 ]. Using deductive infer-
ences based on radio- frequency signal deconstruction and 
VH-IVUS, the PROSPECT study showed, in fact, that TCFA 
is the highest- risk plaque phenotype associated with 3-year 
major adverse cardiovascular events [ 11 ]. Traditionally, 
OCT-defi ned TCFA is a lipid-rich plaque (i.e., with a lipid arc 
≥90°) with a fi brous cap thinner than 65 μm [ 11 ] (Fig.  6.1 ). 
Although this threshold has been widely used, it represents a 
transposition of pathology data into in vivo imaging analy-
sis [ 10 ]. Several, independent, in vivo OCT studies have 
found, in fact, greater or smaller values of fi brous cap thick-
ness (e.g., 80 μm, or 52 μm) to better discriminate ruptured 
plaques from non-ruptured TCFA [ 12 ,  13 ]. The advantages 
derived from such high resolution go beyond the ability to 
detect TCFA, and include other important microstructural 
features, such as neovascularization, macrophage accumula-
tion, and cholesterol crystals, which can also be imaged by 
OCT [ 6 ,  9 ]. Neovascularization, detected by OCT as signal-
poor vesicular or tubular structures (microchannels) with a 
diameter of 50–300 μm (See Fig.  6.1 ), is thought to play a 
role in plaque vulnerability and progression [ 14 – 16 ]. Uemura 
et al. found, in fact, that neovascularization detected by OCT, 
along with TCFA, was the strongest predictor of angiographic 
progression of non-signifi cant coronary plaques in patients 
with CAD [ 16 ]. Other in vivo OCT studies have shown that 
plaque neovascularization was associated with larger lipid 
arc, greater lipid length, and higher prevalence of TCFA [ 14 ], 
and was a predictor of poor responsiveness to statin therapy 
[ 17 ]. Another potential application of OCT is the assessment 
of macrophage presence (appearing as bright spots with a 
shadow) (See Fig.  6.1 ) and density (measured as normalized 
standard deviation of the RAW OCT signal) (Fig.  6.2 ) [ 18 , 
 19 ]. This method has been validated by immunohistochemis-
try, demonstrating high degree of positive correlation between 
OCT and histological measurements of macrophage density 
with CD68 staining (r = 0.84, P < 0.0001) [ 18 ]. However, OCT 
measurement of macrophage density needs to be interpreted 
with caution. Some observations suggest, in fact, that other 
plaque components creating sharp changes in the indices of 
refraction may sometimes be misinterpreted as macrophages 
[ 20 ]. OCT might also be able to identify cholesterol crystals, 
described as thin, linear regions with high intensity, usually 
in proximity of a lipid plaque (See Fig.  6.1 ), although there 
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is lack of histopathological validation for this plaque feature 
[ 9 ]. The emerging possible role of needle-shaped cholesterol 
crystals in plaque vulnerability, through a mechanical stress 
on thin fi brous cap [ 21 ], may promote further research to 
validate and improve its identifi cation by OCT. Most of OCT 
research, in fact, has been recently focusing on the mecha-
nisms triggering ACS, opening new avenues for the diagnosis 
and treatment of these patients. Jia et al. recently demon-
strated the ability of OCT to readily identify in vivo the cause 
of ACS, including plaque rupture, plaque erosion, and calci-
fi ed nodule [ 22 ]. While plaque rupture appears as a fi brous 
cap discontinuity leading to a communication between a 
plaque cavity and the coronary lumen, plaque erosion can be 
observed as thrombus contiguous to the luminal surface of a 
plaque with intact fi brous cap [ 22 ] (Fig.  6.3 ). Lastly, calcifi ed 
nodule can be detected by OCT as protruding, superfi cial, and 
nodular calcium [ 22 ] (See Fig.  6.3 ). Therefore, it is evident 
how OCT represents one of the most valuable tools for plaque 
characterization, and the modality of choice for identifying 
the acute plaque complications triggering an acute event. 
These abilities make OCT not only a captivating research 

tool, but also a useful diagnostic technique in distinguishing 
patients with different underlying mechanisms for clinical 
presentations, and establishing tailored treatments.

6.2          Clinical Presentations and OCT 
Coronary Plaque Characteristics 

 Most patients presenting with ACS or dying of cardiovascu-
lar death exhibit thrombus overlying a complicated coronary 
plaque [ 22 ,  23 ]. Although plaque rupture is considered the 
most frequent plaque complication responsible for ACS, 
alternative mechanisms of plaque instability triggering coro-
nary thrombosis have been described in pathology studies 
[ 10 ], and, recently, in vivo using OCT [ 22 ,  24 ]. Among these, 
plaque erosion accounts for about one third of cases, particu-
larly in young women and smokers, and calcifi ed nodules for 
5–8 % of cases [ 10 ,  22 ]. However, several other mechanisms 
can be responsible for ACS, such as a dynamic obstruction 
due to spasm of an epicardial coronary artery, coronary 
embolism, coronary dissection, intraplaque hemorrhage or 

a b c
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  Fig. 6.1    Representative OCT images of coronary plaque characteris-
tics. ( a ) Fibrous plaque; ( b ) Thin-cap fi broatherma: fi brous cap <65 μm 
( arrows ) covering a lipid-rich plaque; ( c ) Calcifi cation ( asterisks ); 

( d ) Neovascularization ( arrows ); ( e ) Macrophage accumulation 
( arrows ); ( f ) Cholesterol crystal ( arrow )       
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hematoma [ 22 ,  25 ,  26 ]. This considerable variety of coro-
nary substrates, along with the grade of deriving luminal 
thrombosis and the myocardial vulnerability to ischemia, can 
determine a spectrum of clinical presentations, ranging from 
sudden cardiac death (SCD) or acute myocardial infarction 
(AMI), with or without ST-segment changes, to unstable 
angina pectoris (UAP) [ 21 ]. In contrast, stable angina pecto-

ris (SAP) arises from a mismatch of blood supply and 
demand, typically caused by a severe, fl ow-limiting stenosis 
without plaque disruption or local thrombosis [ 27 ]. Several 
OCT studies have tried to explore the differences among the 
various clinical presentations of CAD, with the goal of 
 clarifying pathogenic mechanisms and identifying new diag-
nostic algorithms and therapeutic targets. 

a

c d

b

  Fig. 6.2    Representative case of fi brous cap segmentation and macro-
phage density assessment. ( a ) Color-coded map of normalized standard 
deviation (NSD) values at the site of disruption ( arrow ) of a lipid-rich 
plaque ( LP ). The area with green-to-red colors represents a region with 

high macrophage density; ( b ) OCT image of lipid-rich plaque ( LP ); ( c ) 
Example of fi brous cap segmentation ( red line ); ( d ) Color-coded map 
of NSD values in the same segmented area.  Asterisks  correspond to 
wire artifact. Scale bare = 500 μm (From MacNeill et al. [ 19 ])       
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 In 2005, our group investigated, for the fi rst time, the dif-
ferences in OCT coronary plaque features in patients with 
various clinical coronary presentations [ 6 ]. Specifi cally, the 
detailed coronary plaque characteristics at the culprit lesion 
were compared among patients with ST-elevation  myocardial 
infarction (STEMI), non-ST-elevation ACS (including 
NSTEMI and UAP), and SAP. That study showed that the 
prevalence of lipid-rich plaques tended to be higher in patients 
with STEMI or NSTE-ACS than in those with SAP (90 % 
vs. 75 % vs. 59 %, respectively, p = 0.09). Importantly, there 
was a signifi cant difference among the three groups in fi brous 
cap thickness (median value: 47.0 μm [STEMI] vs. 53.8 μm 
[NSTE-ACS] vs. 102.6 μm [SAP], p = 0.034) and in the preva-
lence of TCFA (72 % [STEMI] vs. 50 % [NSTE- ACS] vs. 
20 % [SAP], p = 0.012) (Fig.  6.4 ). In contrast, patients with 

SAP showed a higher prevalence of calcifi cations compared 
to those with STEMI and NSTE-ACS (10 % [STEMI] vs. 
15 % [NSTE-ACS] vs. 41 % [SAP], p = 0.049). These fi ndings 
not only confi rmed for the fi rst time in living humans what 
had previously only been observed in  cadavers [ 23 ], but also 
underscored the importance of thin fi brous cap and large lipid 
burden for plaque vulnerability and the development of ACS.

   The degree and distribution of macrophage infi ltration in 
relation to the clinical presentation were studied in this 
cohort [ 19 ]. Pathology studies had previously suggested the 
role of macrophages in plaque instability, with most of 
plaque ruptures showing high degrees of macrophage infi l-
tration inside the fi brous cap [ 10 ]. In this in vivo OCT study, 
macrophage densities in culprit and non-culprit lesions were 
assessed in patients presenting with STEMI, UAP, and SAP, 
by measuring the normalized standard deviation of the RAW 
OCT signal, a method validated against histology by the 
same group [ 18 ] (See Fig.  6.2 ). Interestingly, lipid-rich 
plaques in patients with STEMI and UAP showed signifi -
cantly greater macrophage density compared to those in 
stable patients (5.54 ± 1.48 % vs. 5.86 ± 2.01 % vs. 
4.14 ± 1.81 %, p = 0.002 and p < 0.001, respectively). When 
STEMI and UAP were combined into a single group of 
patients with unstable presentation, even the macrophage 
density in fi brous plaques was higher than that measured in 
patients with a stable presentation (5.41 ± 1.10 % vs. 
4.43 ± 1.46 %, p = 0.025). For every patient, there was sig-
nifi cant correlation between the macrophage density at the 
culprit lesion and that at the non-culprit lesions (r = 0.66, 
y = 0.88x + 0.43, p = 0.01). Macrophage density was also 
greater at the ruptured sites of a plaque compared to at the 
adjacent non- ruptured sites (p = 0.002). Superfi cial macro-
phage infi ltration (<50 μm from the luminal surface) was a 
stronger predictor of unstable clinical presentation com-
pared to a deeper macrophage infi ltration (>50 μm) in culprit 

a b c

  Fig. 6.3    Representative OCT images of various culprit plaque mor-
phologies. ( a ) Plaque rupture: disrupted fi brous cap ( arrows ) leading to 
a communication between coronary lumen ( L ) and plaque cavity ( C ); 

( b ) Plaque erosion: thrombus ( arrows ) overlying a plaque without any 
signs of rupture; ( c ) Calcifi ed nodule: protruding, superfi cial, and nodu-
lar calcium ( arrow )       
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  Fig. 6.4    Frequency of TCFA according to the clinical presentation. 
The prevalence of TCFA was higher in patients with STEMI (72 %) 
than in those with NSTE-ACS (50 %) and stable angina (20 %) 
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lesions (p = 0.035), but not in non-culprit lesions. These 
results suggested, for the fi rst time in vivo, the correlation 
between macrophage density and the severity of clinical pre-
sentation, with greater densities in patients with acute pre-
sentation as compared to those with stable clinical 
presentation [ 19 ]. Furthermore, these data proved the multi-
focal nature of infl ammation in symptomatic CAD, and the 
possible role of macrophages in the development of plaque 
rupture and acute coronary events [ 19 ]. The disruption of the 
fi brous cap is, in fact, a consequence of the imbalance 
between the strength of the fi brous cap and forces impinging 
on it [ 28 ]. In this context, activated macrophages, overex-
pressing matrix metalloproteinases (MMPs) and elastolytic 
cathepsins, may play an important role, by increasing colla-
gen degradation, reducing collagen synthesis, and inducing 
the apoptosis of smooth muscle cells [ 29 ]. 

 Inspired by pathology observations of differences in the 
morphology of a ruptured plaque depending on level of exer-
tion at the time of the SCD [ 30 ], Tanaka et al. conducted an 
elegant study investigating the relation between the mor-
phology of ruptured plaque and the level of patient activity at 
the onset of ACS [ 31 ]. Interestingly, the characteristics and 
location of plaque rupture appeared to correlate with the 
clinical scenario: specifi cally, patients developing ACS at 
rest, compared to those developing ACS during exertion, had 
a thicker fi brous cap (50 μm vs. 90 μm, p < 0.01), and were 
more likely to have a plaque ruptured at the shoulder (57 % 
vs. 93 %, p = 0.014), and overlying thrombus (73 % vs. 96 %, 
p = 0.04). In addition, fi brous-cap thickness correlated posi-
tively with the level of activity at the onset of ACS (Fig.  6.5 ). 
These results emphasized the concept that plaque rupture 
may not infrequently develop from thick-cap fi broatheroma, 
and that the level of patient activity at the time of the acute 
presentation may have a role in determining this event. Later 
on, the same group looked at the differences in culprit plaque 
morphologies between patients with STEMI and NSTEMI 

[ 32 ]. The prevalence of plaque rupture was higher in patients 
with STEMI compared to those with NSTEMI (70 % vs. 
47 %, p = 0.033), as well as the prevalence of TCFA (78 % 
vs. 49 %, p = 0.008) and red thrombus (78 % vs. 27 %, 
p < 0.001). Interestingly, patients with STEMI showed more 
frequently a plaque rupture with an aperture against the 
direction of coronary fl ow compared to those with NSTEMI 
(46 % vs. 17 %, p = 0.036) (Figs.  6.6  and  6.7 ).

     Due to the heterogeneous clinical presentation of ACS, 
classifi cation schemes based on clinical features can be 
useful to stratify risk, predict prognosis, and establish 
adequate treatments. For instance, in patients presenting 
with UAP, the Braunwald clinical classifi cation, which 
includes three different classes of severity, provides valu-
able prognostic information [ 33 ]. To investigate the rela-
tion between clinical presentation and plaque morphology 
in patients with UAP, Mizukoshi et al. [ 34 ] compared the 
detailed OCT culprit plaque characteristics among the 
three different classes of severity of UAP, according to the 
Braunwald clinical classifi cation:
•    Class I: new onset of severe angina or accelerated angina, 

without pain at rest  
•   Class II: angina at rest within the past month, but not 

within the preceding 48 h  
•   Class III: angina at rest within 48 h    

 Only patients with primary angina (Braunwald class B) 
were included in the study; those with secondary or post- 
infarction angina (Braunwald class A and C, respectively) 
were excluded. Patients with class I showed a signifi cantly 
higher prevalence of “ulcers” without any disruption com-
pared to those with the other classes (32 % [class I] vs. 7 % 
[class II] vs. 8 % [class III], p = 0.003) (Fig.  6.8 ), and a smaller 
minimum lumen area (0.70 mm 2  [class I] vs. 1.80 mm 2  [class 
II] vs. 2.31 mm 2  [class III], p < 0.001). These fi ndings may 
indicate a higher incidence of plaque erosion with subocclu-
sive thrombosis in this group, and explain the typical symp-
toms of patients with class I, presenting with new onset angina 
or with a progressive crescendo pattern. In contrast, patients 
with class II presented more frequently with coronary spasm 
compared to those with class I and III (0 % [class I] vs. 33 % 
[class II] vs. 13 % [class III], p < 0.001) (See Fig.  6.8 ), suggest-
ing that a dynamic obstruction may be the predominant mech-
anism in this group. Lastly, patients with class III had the 
thinnest fi brous cap (140 μm [class I] vs. 150 μm [class II] vs. 
60 μm [class III], p < 0.001), as well as frequent plaque rupture 
(43 % [class I] vs. 13 % [class II] vs. 71 % [class III], p < 0.001) 
(See Fig.  6.8 ). This observation suggests that increased plaque 
vulnerability with subsequent disruption may be the baseline 
mechanism in most of patients with class III, and may explain 
the worse prognosis associated with this pattern of angina [ 35 ].

   However, all the above mentioned studies using in vivo 
OCT imaging for plaque characterization were single-vessel 
studies, and therefore the results were derived from a limited 
part of the coronary vasculature. To overcome this limitation, 
a 3-vessel imaging study from the Massachusetts General 
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  Fig. 6.6    Culprit plaque morphology in a patient with STEMI. ( a ) 
Coronary angiogram showing a complex lesion in the mid left circum-
fl ex artery; ( b ) Disrupted fi brous cap ( arrowheads ) with a large plaque 
cavity ( white line ); ( c ) Red thrombus in proximity of the ruptured 

plaque; ( d ) Longitudinal OCT view showing a ruptured plaque with an 
aperture against the direction of coronary fl ow; ( e ) Schematic represen-
tation of the same ruptured plaque (From Ino et al. [ 32 ])       
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  Fig. 6.7    Culprit plaque morphology in a patient with NSTE-ACS. 
( a ) Coronary angiogram showing a severe stenosis in the proximal 
right coronary artery; ( b ) Disrupted fi brous cap ( arrowheads ) with a 
small plaque cavity ( white line and arrow ); ( c ) White thrombus in 

proximity of the ruptured plaque; ( d ) Longitudinal OCT view show-
ing a ruptured plaque with an aperture along the direction of coro-
nary fl ow; ( e ) Schematic representation of the same ruptured plaque 
(From Ino et al. [ 32 ])       
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Hospital (MGH) OCT Registry investigated the differences 
in plaque characteristics at non-culprit lesions between 
patients with ACS and those with a stable clinical presenta-
tion [ 36 ] (Figs.  6.9  and  6.10 ). Patients presenting with ACS 
had a larger number of lipid-rich plaques compared to the 
stable patients (1.9 ± 1.4 vs. 1.1 ± 1.1, p = 0.013), confi rming 
the data from previous single-vessel OCT studies and angios-
copy studies [ 37 ,  38 ]. In addition, lipid plaques were charac-
terized by a wider lipid arc, greater lipid length, larger lipid 
volume index, and thinner fi brous cap in patients with ACS 
compared to those with SAP (See Fig.  6.9 ). Notably, the 

prevalence of TCFA was signifi cantly higher in patients with 
ACS than in those with SAP (64.7 % vs. 14.9 %, p < 0.001), 
as well as the prevalence of macrophage accumulation 
(82.4 % vs. 37.9 %, p = 0.001) and thrombus (29.4 % vs. 
1.1 %, p < 0.001) (See Fig.  6.10 ). These results emphasized 
the panvascular nature of atherosclerosis, and the presence of 
greater plaque vulnerability in the coronary tree of patients 
with ACS than those with SAP, which may lead to higher 
rate of recurrent ischemic events. Interestingly, the preva-
lence of plaque disruption at non culprit lesions was also 
greater in patients with ACS than in those with stable clinical 
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  Fig. 6.8    OCT plaque characteris-
tics in patients with UAP according 
to the Braunwald clinical classifi ca-
tion. The prevalence of lipid-rich 
plaque was not different between 
the three classes. Thrombus was 
signifi cantly more frequent in 
patients with class I and III than in 
those with class II. Plaque rupture 
was more frequent in patients with 
class III, “ulcer” without disruption 
in those with class I, and coronary 
spasm in those with class II (From 
Mizukoshi et al. [ 34 ])       
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presentation, although the difference was not statistically 
signifi cant. Lastly, although the prevalence of intimal neo-
vascularization was not different between the two groups, 
patients with ACS had microchannels with a more superfi -
cial location (See Fig.  6.10 ). Neovascularization may play a 
role in plaque vulnerability [ 14 ] and progression [ 16 ], 
through the recruitment of infl ammatory cells and the pro-
motion of lipid accumulation within atherosclerotic plaque 
[ 39 ]. A more superfi cial location of neovascularization might 
refl ect an advanced stage of atherosclerosis; however, this 
hypothesis needs to be confi rmed in future studies. Although 
this study analyzed the detailed coronary plaque characteris-
tics in patients with ACS, potential differences in non-culprit 
plaque characteristics in relation to various culprit plaque 
morphologies had not yet been investigated. As shown by 
pathology [ 10 ] and in vivo imaging studies [ 22 ], different 
types of culprit plaques are characterized by specifi c under-
lying morphologic characteristics, and are associated with 
different clinical presentations. In light of the systemic 
nature of atherosclerosis, it is reasonable to hypothesize that 
non-culprit plaques might have different characteristics 
based on the specifi c culprit plaque morphology. This was 
tested in a 3-vessel OCT study comparing the non-culprit 
plaque characteristics between patients with plaque rupture 
and those with non-ruptured plaque at the culprit lesion [ 40 ]. 
Patients with ACS caused by plaque rupture showed a higher 
prevalence of lipid-rich plaques, TCFA, and additional dis-
ruption in non-culprit lesions compared to those with a non- 

ruptured culprit plaque. Patients with ACS caused by a 
plaque rupture had a TCFA at a remote site in 52.9 % of 
cases, and an additional disruption in 35.3 % of cases, which 
localized more frequently in the culprit artery. These data 
indicated the presence of pancoronary vulnerability in 
patients with ACS caused by plaque rupture, which may 
explain the multifocal instability observed during the acute 
phase, and may be responsible of recurrent cardiac events 
(Fig.  6.11 ). It is conceivable that this subset of high-risk 
patients might benefi t from aggressive systemic anti- 
infl ammatory treatments [ 41 ] or new lipid-lowering thera-
pies (e.g., PCSK9 inhibitors) [ 42 ], in addition to the standard 
antiplatelet and statin therapies. Further studies are war-
ranted to confi rm this hypothesis.

6.3          OCT Coronary Plaque Characteristics 
and Cardiovascular Risk Factors 

6.3.1     Diabetes Mellitus 

 Diabetes mellitus (DM) is a well recognized independent 
risk factor for CAD [ 43 ]. Patients with DM have increased 
morbidity and mortality compared to non-diabetic patients, 
with a two- to fi ve-fold higher incidence of cardiac death 
or AMI [ 43 ,  44 ], and a 2-fold higher incidence of recurrent 
ischemic events [ 43 ]. This has been related to the presence 
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  Fig. 6.10    Patient-based analy-
sis of OCT fi ndings between 
patients with ACS and those 
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with SAP, those with ACS 
showed higher prevalence of 
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of enhanced pro-atherosclerotic, pro-infl ammatory, and 
 pro- thrombotic stimuli in patients with DM [ 45 ]. Pathology 
studies have reported that subjects with DM who died of 
SCD had more severe atherosclerosis, larger plaque burden, 
greater necrotic core, and increased infl ammation in their 
coronary arteries, as compared with non-diabetic subjects 
[ 46 ]. To clarify the mechanism responsible for the increased 
cardiovascular-risk in diabetic patients, a 3-vessel OCT 
study was performed comparing the detailed characteris-
tics of non-culprit plaques between patients with DM and 
those without DM [ 47 ]. Although there was no difference in 
the prevalence of lipid-rich plaques (67.7 % [non-DM] vs. 
63.9 % [DM], p = 0.825) and TCFA (19.4 % [non-DM] vs. 
27.8 % [DM], p = 0.277) between the two groups, the non- 
culprit plaques of DM patients were characterized by wider 
lipid arc, greater lipid length and larger lipid volume index, 
and tended to have a thinner fi brous cap. Moreover, patients 
with DM showed higher prevalence of calcifi cations (48.4 % 
[non-DM] vs. 72.2 % [DM], p = 0.034) and thrombus (0 % 
[non-DM] vs. 8.3 % [DM], p = 0.047). These observations 
were consistent with the results from a subanalysis of the 
PROSPECT study showing no difference in the prevalence 
of VH-IVUS fi broatheroma between patients with and with-

out DM, but a higher necrotic core and calcium  content in 
diabetic patients [ 48 ]. Interestingly, all the measures of lipid 
burden and fi brous cap thickness were signifi cantly related 
with the hemoglobin (Hb) A 1C  levels (Fig.  6.12 ), and patients 
with Hb A 1C  levels ≥ 8 % showed a higher incidence of 
TCFA and macrophage accumulation, suggesting that dia-
betic patients with poor glycemic control may develop more 
vulnerable atherosclerotic features. Interestingly, another 
OCT study by Niccoli et al. [ 49 ] conducted in diabetic and 
non- diabetic patients at the time of a very fi rst acute cor-
onary event showed, consistent with previous studies, a 
greater number of calcifi ed quadrants and a wider calcifi ca-
tion arc in patients with DM compared to those without DM, 
but a surprisingly lower lipid content (i.e., lipid quadrants 
and lipid arc) at the minimum lumen area site of the culprit 
lesion. Another two OCT studies failed to show differences 
in the prevalence of lipid-rich plaques and TCFA at the cul-
prit lesion between patients with and without diabetes [ 50 , 
 51 ]. However, while our study [ 47 ] and the DM substudy of 
the PROSPECT trial [ 48 ] were 3-vessel imaging investiga-
tions, the other above-mentioned studies [ 49 – 51 ] performed 
OCT imaging only in the culprit vessel, and this may explain 
the contrasting results. Taken together these observations 
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  Fig. 6.11    Representative case of patient with ACS showing diffuse 
plaque vulnerability.  Left panel . Coronary angiogram of the right coro-
nary artery showing multiple lesions; ( a ) Non-culprit TCFA: large lipid 
arc ( dashed line ) covered by a thin (<65 μm) fi brous cap ( arrows ) with 
signs of disruption ( arrowhead ); ( b ) Non-culprit TCFA: large lipid arc 

( dashed line ) covered by a thin (<65 μm) fi brous cap ( arrows ); ( c ) 
Culprit ruptured plaque with overlying thrombus ( arrowhead ). ( C  cav-
ity,  L  lumen); ( d ) Non-culprit lipid plaque ( dashed line ) with spotty 
calcifi cation ( asterisk ) (From Vergallo et al. [ 40 ])       
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suggest that patients with diabetes may have increased 
plaque vulnerability in their coronary tree, particularly in 
cases of poor glycemic control, but that such differences may 
not necessarily be observed at the site of culprit lesion.

6.3.2        Hyperlipidemia 

 Hyperlipidemia represents one of the most important and 
best substantiated risk factors for CAD [ 52 ]. Several epi-
demiologic, genetic, and interventional trials have explored 
the causal relation between dyslipidemia and atheroscle-
rosis, and have identifi ed lipid-modifi cation therapy as a 
risk- reducing strategy for patients with CAD [ 52 – 54 ]. Data 
from numerous large-scale trials have consistently proved 
the effi cacy of lipid-lowering therapy with statins for the 

reduction of subsequent cardiovascular events and  mortality 
[ 54 – 56 ]. In addition, IVUS studies have monitored the 
changes in atheroma volume in relation to different intensi-
ties of lipid- lowering therapies, demonstrating the ability of 
statins to reduce the progression of coronary atherosclerosis 
[ 57 ]. This effect was signifi cantly related to the reduction of 
both the levels of atherogenic lipoproteins and the systemic 
infl ammatory status (i.e., C-reactive protein, CRP) [ 58 ]. 
Retrospective OCT studies have also attempted to clarify 
the relation between lipid profi le and morphological charac-
teristics of coronary atherosclerosis. In a study by Takarada 
et al. [ 59 ], 82 patients with NSTE-ACS were imaged with 
both IVUS and OCT at baseline and after 9 months in order 
to investigate the changes in non-culprit plaque composi-
tion in relation to the lipid and infl ammatory profi les. The 
changes in total atheroma volume assessed by IVUS, but 
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not those in fi brous cap thickness assessed by OCT, were 
signifi cantly correlated with the low-density lipoprotein/
high-density lipoprotein (LDL/HDL) ratio. Conversely, the 
changes in fi brous cap thickness were inversely related to 
the high- sensitivity CRP levels (Fig.  6.13 ). Interestingly, 
statin therapy was an independent predictor of plaque sta-
bilization, defi ned as a concomitant decrease in total ath-
eroma volume and increase in fi brous cap thickness [ 59 ]. 
Another study from the same group [ 60 ] demonstrated 
that patients with TCFA at the culprit lesion had signifi -
cantly lower HDL- cholesterol levels (39.6 ± 10.1 mg/dl vs. 

46.7 ± 11.7 mg/dl, p < 0.001), higher LDL-cholesterol levels 
(120.7 ± 31.1 mg/dl vs. 110.0 ± 28.1 mg/dl, p = 0.004), and 
greater LDL/HDL ratio (3.2 ± 1.0 vs. 2.5 ± 0.8, p < 0.001), as 
compared with patients without TCFA at the culprit lesion. 
Interestingly, a study by Matsuo et al. reported higher lev-
els of malondialdehyde- modifi ed LDL, which is an oxidized 
LDL, in SAP patients with TCFA than in those without 
TCFA (p < 0.001) [ 61 ]. Higher levels were also detected in 
ACS patients with ruptured TCFA compared to those with 
intact TCFA (p = 0.023). Multivariate analyses proved that 
malondialdehyde- modifi ed LDL levels were independently 
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associated with the presence of TCFA (odds ratio [OR]: 
1.45 per 10-unit increment, 95 % confi dence interval [CI]: 
1.24 − 1.68; p < 0.001). Oxidative modifi cation of lipopro-
teins plays a pivotal role in the atherogenic process, through 
chemotactic activity on monocytes and T-cells, stimulation 
of MMP-1 and MMP-9 expression, promotion of CD40/
CD40L signaling pathway, and direct cytotoxic activity on 
endothelial cells and smooth muscle cells [ 62 ]. Lastly, a 
recent investigation by Nasu et al. [ 63 ], using VH-IVUS and 
OCT, showed a correlation between fi brous cap thickness 
and lipid and infl ammatory profi les in stable patients not 
receiving any lipid-lowering therapies (Fig.  6.14 ). Notably, 
campesterol-to-lathosterol ratio (OR: 3.99, 95 % CI: 
1.69 − 9.43; p = 0.002), LDL-cholesterol levels (OR: 1.42, 
95 % CI: 1.02 − 1.98; p = 0.03), and high-sensitivity CRP lev-
els (OR: 1.02, 95 % CI: 1.00 − 1.05, p = 0.02) independently 
predicted the presence of TCFA. Taken together, all these 
studies suggest a clear relationship between lipid profi le and 
features of coronary plaque vulnerability. Prospective, serial 
OCT studies with randomization to different lipid-lower-
ing therapy regimens are needed in order to defi ne the best 
approach for coronary plaque stabilization and prevention of 
cardiovascular events.

6.3.3         Smoking 

 Smoking is a major risk factor for CAD [ 64 ], and is thought 
to increase cardiovascular disease burden by promoting 
endothelial dysfunction, atherosclerotic plaque develop-
ment, and thrombosis [ 65 ]. Clinically, tobacco smoking has 
been reported as a predictor of new coronary atherosclerosis, 
and has been associated with angiographic disease severity 
in a dose-dependent manner [ 66 ]. In addition, current smok-
ing independently predicts the presence of neoatherosclero-
sis inside the stent [ 67 ,  68 ]. VH-IVUS studies failed to show 

a relationship between smoking and TCFA or any other 
plaque characteristics [ 69 ,  70 ]. However, VH-IVUS does not 
have the suffi cient resolution to measure fi brous cap thick-
ness and identify TCFA, and those studies did not use a mul-
tivessel imaging approach. A recent 3-vessel OCT study by 
Abtahian et al. assessed the detailed coronary plaque mor-
phology in 182 patients with CAD, according to their smok-
ing status [ 71 ]. Compared with former smokers and 
nonsmokers, current smokers were more likely to have lipid- 
rich plaques (45.9 % vs. 52.6 % vs. 68.0 %, respectively, 
p = 0.002) and TCFA (7.6 % vs. 9.9 % vs. 18.4 %, p = 0.018). 
In contrast, former smokers showed a signifi cantly higher 
prevalence of calcifi ed plaques than current and non smokers 
(52.9 % vs. 38.0 % vs. 32.0 %, p = 0.001). Multivariate anal-
ysis showed that current smoking, presentation with ACS, 
and LDL-cholesterol levels were independent predictors of 
the presence of TCFA. The higher prevalence of ruptured-
prone TCFA may explain the increased risk of future acute 
events observed in current smokers [ 72 ].  

6.3.4     Hypertension 

 Hypertension represents one of the most important risk fac-
tors for cardiovascular disease, affecting 70 millions of peo-
ple in the United States [ 73 ]. Approximately one half cases of 
CAD can be attributed to a suboptimal blood pressure [ 73 ]. 
Hypertension induces endothelial dysfunction, promotes ath-
erosclerosis, and favors plaque destabilization. In addition, 
left ventricular hypertrophy which usually derives from 
hypertension promotes a reduction in coronary reserve, con-
tributing to myocardial ischemia [ 74 ]. In this regard, a study 
by Tsioufi s et al. investigated the correlation between coro-
nary fl ow reserve and OCT-derived intimal thickness and 
intima-media thickness in hypertensive patients with normal 
coronary arteries and without left ventricular hypertrophy 
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[ 75 ]. No correlation was observed between those measure-
ments, suggesting that in hypertensive patients without left 
ventricular hypertrophy, adverse microcirculatory modifi ca-
tions assessed by CFR are not accompanied by changes in 
coronary intimal thickness and intima/media thickness. Aside 
from this observation in hypertensive patients with normal 
coronary arteries, no systematic OCT studies have yet been 
attempted in patients with CAD to investigate the correlation 
between hypertension and plaque morphology. However, data 
from VH-IVUS studies suggests the presence of associations 
between hypertension and an increased fi bro-fatty, calcifi ed, 
and necrotic plaque content [ 70 ]. In light of the global burden 
of hypertension, and its relevance for the pathogenesis of car-
diovascular diseases, future investigations using high-resolu-
tion OCT in patients with hypertension are warranted.  

6.3.5     Metabolic Syndrome (MetS) 

 According to the National Cholesterol Education Program 
Adult Treatment Panel [ 76 ], MetS is defi ned by the presence 
of at least 3 of the following 5 criteria: (1) waist circumfer-
ence >102 cm in men and >88 cm in women; (2) serum tri-
glyceride levels ≥150 mg/dL; (3) HDL-cholesterol <40 mg/
dL in men and <50 mg/dL in women; (4) blood pressure 
≥130/85 mmHg; and (5) serum glucose ≥110 mg/dL. The 
various associations and clustering of these factors have been 
the object of extensive investigations, and previous studies 
have demonstrated a higher incidence of cardiovascular 
events in patients with MetS [ 77 ]. However, the defi nition of 
MetS differs according to various guidelines and statements, 
and its concept has been a matter of concern. OCT has pro-
vided useful information to clarify the link between MetS and 
coronary atherosclerosis. Our group studied 451 coronary 

plaques from 171 subjects who underwent 3-vessel OCT 
imaging [ 78 ]. Compared to a control group, patients with 
MetS, as well as those with DM, had coronary plaques with 
longer lipid-core length (7.0 ± 3.8 mm [MetS] and 
7.7 ± 4.0 mm [DM] vs. 5.5 ± 2.4 mm [controls]; p < 0.001 and 
p = 0.012) and greater lipid volume index (1,086 ± 693 [MetS] 
and 1,164 ± 716 [DM] vs. 796 ± 417 [controls]; p < 0.001 and 
p = 0.008). However, fi brous cap thickness and prevalence of 
TCFA, which are known hallmarks of plaque vulnerability, 
were not different among the three groups, suggesting the 
need for further investigations to better defi ne the underlying 
pathophysiology of MetS as a cardiovascular risk factor.  

6.3.6     Chronic Kidney Disease (CKD) 

 CKD is a worldwide public health problem, and its impact 
on cardiovascular morbidity and mortality is well recog-
nized [ 79 ]. CKD favors the development of hypertension 
and dyslipidemia, which in turn can exacerbate renal failure. 
In addition, patients with CKD frequently have an enhanced 
infl ammation and activated renin-angiotensin system, which 
can accelerate atherosclerosis through an increased produc-
tion of reactive oxygen species [ 79 ]. An OCT study in 287 
patients from the MGH OCT Registry has investigated the 
relationship between CKD and coronary plaque characteris-
tics [ 80 ]. Although fi brous cap thickness and prevalence of 
TCFA were not different between patients with and without 
CKD, coronary plaques in patients with CKD had larger lipid 
content (Fig.  6.15 ), and higher prevalence of calcifi cations 
(51 % vs. 35 %, p = 0.041), cholesterol crystals (23 % vs. 
11 %, p = 0.048), and disruptions (13 % vs. 5 %, p = 0.049). 
Consistent with the subgroup analysis of the PROSPECT 
trial [ 81 ], which indicated the presence of larger plaque 
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 burden, necrotic core, and dense calcium in CKD patients, 
these data suggest that CKD has a signifi cant impact on cor-
onary plaque morphology.
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7.1         Pathology of Underlying Mechanism 
of Acute Coronary Syndrome 

 Insights into the pathogenesis of acute coronary syndrome 
(ACS) have come from detailed analyses of plaque mor-
phologies in cases of sudden coronary death (SCD) and 
acute myocardial infarction (AMI). Coronary artery throm-
bosis is believed to be the fi nal pathogenic pathway of most 
cases with ACS [ 1 ,  2 ]. Pathologically, coronary thrombosis 
is caused by three predominant plaque morphologies: 
plaque rupture, plaque erosion, and calcifi ed nodule [ 3 ,  4 ]. 
(Fig.  7.1 ) Among these features, plaque rupture is the most 

      Insight into Pathogenesis of Acute 
Coronary Syndrome 

           Haibo     Jia      and     Ik-Kyung     Jang     

  7

        H.   Jia ,  MD, PhD   
  Department of Cardiology ,  Hospital of Harbin Medical University, 
Laboratory of Myocardial Ischemia , 
  Chinese Ministry of Education ,  Harbin ,  China   

  Division of Cardiology ,  Massachusetts 
General Hospital, Harvard Medical School , 
  55 Fruit Street GRB 800 ,  Boston ,  MA   02114 ,  USA    

    I.-K.   Jang ,  MD, PhD      (*) 
  Division of Cardiology ,  Massachusetts  General Hospital, 
Harvard Medical School ,   55 Fruit Street GRB 800 , 
 Boston ,  MA   02114 ,  USA   
 e-mail: ijang@mgh.harvard.edu  

    Abstract  
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understanding of the pathogenesis of acute coronary syndrome (ACS): coronary artery throm-
bosis plays a central role in the development of ACS. The three most common plaque mor-
phologies responsible for the development of acute coronary thrombosis are plaque rupture, 
plaque erosion, and calcifi ed nodules. The majority of these fi ndings come from cross-sec-
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 In vivo  investigation of underlying pathophysiology of ACS is of vital importance. However 
this has been greatly challenged by the lack of an appropriate intravascular imaging modality 
for studying coronary plaque morphologies  in vivo . To date, a variety of diagnostic tools to 
detect underlying plaque morphology in the setting of ACS has been developed, including 
angiography and intravascular ultrasound (IVUS). However, an angiogram only provides a 
luminal outline and is not able to visualize intravascular structure, while IVUS has inadequate 
resolution to characterize subtle changes in the vascular wall. Optical coherence tomography 
(OCT), on the other hand, is an ideal intravascular imaging modality which enables us to 
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underlying mechanism behind the abrupt transition from stable atherosclerotic disease to ACS 
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common underlying etiology for ACS. Plaque erosion is less 
frequent than plaque rupture but still common, particularly 
in young women and smokers [ 5 ]. The least common cause 
is the superfi cial calcifi ed nodule [ 4 ]. In pathology, plaque 
rupture is defi ned as the presence of a luminal thrombus in 
continuity with the large necrotic core and an  overlying thin 
interrupted fi brous cap, measuring <65 μm and heavily infi l-
trated by infl ammatory cells (macrophages and 
T-lymphocytes). In contrast, plaque erosion is characterized 
by a luminal thrombus in direct contact with the intimal 
plaque without rupture of a lipid pool. Typically, the endo-
thelial cells are absent at the eroded area. The exposed 
intima is a proteoglycan-rich matrix with mostly smooth 
muscle cells (SMCs) and very few infl ammatory cells [ 5 ,  6 ]. 
The necrotic core is not required for this form of thrombotic 
lesions, but if present, is usually small and present deep 

inside the plaque, without communication between the 
thrombus and lipid pool. Calcifi ed nodule is defi ned as a 
lesion with fi brous cap disruption and thrombi associated 
with eruptive, dense, and calcifi ed nodules.

7.2        Classifi cation of Underlying Culprit 
Lesions in ACS 

7.2.1     Evolution of the Paradigm 
for Atherosclerotic Lesions 

 The fi rst report on the classifi cation of atherosclerosis was 
proposed by the American Heart Association (AHA) in 
1995 (Table  7.1 ) [ 7 ]. In this classifi cation, atherosclerotic 
lesions were fi rst divided into two stages (early lesion and 

Illustration key

Smooth muscle cells

Macrophage foam cells

Extracellular lipid

Cholesterol clefts

Necrotic core

Calcified plaque

Hemorrhage
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  Fig. 7.1    Atherosclerotic lesions with luminal thrombi. ( a ) Ruptured 
plaques are thin fi brous cap atheromas with luminal thrombi ( Th ). 
These lesions usually have an extensive necrotic core ( NC ) containing 
large numbers of cholesterol crystals and a thin fi brous cap (<65 μm) 
infi ltrated by foamy macrophages and a paucity of T lymphocytes. The 
fi brous cap is thinnest at the site of rupture and consists of a few colla-
gen bundles and rare smooth muscle cells. The luminal thrombus is in 
communication with the lipid-rich necrotic core. ( b ,  c ) Erosions occur 
over lesions rich in smooth muscle cells and proteoglycans. Luminal 

thrombus overlies areas lacking surface endothelium. The deep intima 
of the eroded plaque often shows extracellular lipid pools, but necrotic 
cores are uncommon; when present, the necrotic core does not com-
municate with the luminal thrombus. Infl ammatory infi ltrate is usually 
absent, but if present, is sparse and consists of macrophages and lym-
phocytes. ( d ) Calcifi ed nodules protrude into the lumen through a dis-
rupted thin fi brous cap ( FC ). There is absence of an endothelium at the 
site of the thrombus, and infl ammatory cells (macrophages, T lympho-
cytes) are absent (From Virmani et al. [ 4 ])       
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advanced lesions), then further categorized into six types 
of lesions which were designated along an orderly, lin-
ear pattern of lesion progression. The perception of rup-
ture of an advanced atherosclerotic lesion as the primary 
 mechanism responsible for ACS was widely accepted. 
However, this paradigm was challenged by inconsistent 
fi ndings in two pathological studies [ 5 ,  8 ], which showed 
that coronary thrombi could arise without rupture. The 
fi rst study was performed by van der Wal et al. [ 8 ], who 
investigated 20 patients with SCD and found plaque rup-
ture in only 60 % of lesions; the remaining 40 % showed 
absence of rupture with only superfi cial erosion which is 
defi ned as a thrombus confi ned to the most luminal portion 
of a fi brous cap in the absence of fi ssure or rupture after 
serial sectioning. The second report was from Virmani’s 
group [ 5 ], who studied the underlying plaque morphology 
in more than 200 cases of SCD with luminal thrombi in at 
least one artery with >75 % cross-sectional area luminal 
narrowing. Only 31 % of lesions in their studies could be 
defi ned as plaque rupture, and over one third of lesions 
did not have evidence of rupture. All these data raised a 
critical question about the central role of plaque rupture 
in the previous AHA classifi cation and subsequently led 
to changes in the classifi cation of atherosclerotic lesions. 
To better  understand the underlying mechanism of ACS, 
Virmani et al. [ 4 ] proposed another plaque morphologi-
cal classifi cation scheme based on their comprehensive 
autopsy observation (Fig.  7.2 ). Their categories included 
intimal xanthoma, intimal thickening, pathological intimal 
thickening, fi brous cap atheroma, thin fi brous cap ather-
oma, calcifi ed nodule, and fi brocalcifi c plaque. The accu-
mulation of lipid in relation to the formation of fi brous cap 
which changes over time, as well as thrombosis was taken 

into account in the classifi cation. More importantly, their 
classifi cation highlighted the importance of plaque erosion 
in thrombotic events. Although this classifi cation scheme 
allows for easier understanding, its practical usability and 
application in living patients need to be confi rmed.

7.2.2          In vivo  Classifi cation of Atherosclerotic 
Plaque Responsible for ACS 

 As mentioned above, most reports on lesion classifi cation 
have been derived from autopsy studies. Not only were the 
sample sizes of those studies relatively small, but also the 
study subjects were mostly young, sudden coronary death 
victims, who could be signifi cantly different from living 
patients. Seeing these limitations,  in vivo  classifi cation of 
coronary atherosclerotic plaques is needed. 

 Coronary angiography has been used as a gold standard 
diagnostic modality for the evaluation of patients presenting 
with ACS. However, an angiogram shows only the luminal 
outline and is not able to visualize intravascular structure. 
Although intravascular ultrasound (IVUS) is widely used to 
evaluate plaque morphology, including plaque burden and 
remodeling, the resolution is inadequate to characterize sub-
tle changes in the vascular wall. For example, IVUS cannot 
be used to detect thin fi brous cap, macrophage infi ltration, 
mural thrombus, and irregular or eroded surface, which are 
key features for characterizing coronary plaque phenotype. In 
contrast, intravascular optical coherence tomography (OCT), 
with the unprecedented resolution of 10–15 μm, allows us 
to detect and quantify specifi c morphologic changes that are 
analogous to histological features in some circumstances, 
including lipid pool, thin fi brous cap, plaque rupture, throm-

   Table 7.1    AHA    classifi cation   

 Terms for atherosclerotic lesions in histological classifi cation  Other terms for the same lesions often based on appearance to the unaided eye 

 Type I lesion  Initial lesion 

  

     Fatty dot or streak

 

       

Early lesion 

 Type II lesion 
  IIa  Progression-prone type II lesion 
  IIb  Progression-resistant type II lesion 

 Type III lesion  Intermediate lesion (pre-atheroma) 

 Type IV lesion  Atheroma 

       

Atheromatous plaque, fi brolipid 
plaque, fi brous plaque 

      

 Advanced lesions, raised lesions 

  Va  Fibroatheroma (type V lesion) 

  Vb  Calcifi c lesion (type VII lesion)  Calcifi ed plaque 
  Vc  Fibrotic lesion (type VIII)  Fibrous plaque 
 Type VI lesion  Lesion with surface defect and/or 

hematoma/hemorrhage and/or 
thrombotic deposit 

 Complicated lesion, complicated 
plaque 

  Adapted from Virmani et al. [ 4 ]  
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bus, calcifi cation, macrophages, and microchannels (Fig.  7.3 ) 
[ 9 – 11 ]. Considering the limitations of OCT and the clinical 
situations in which patients are being treated with antithrom-
botics and thrombolysis, we  proposed a new set of OCT diag-
nostic criteria for the  culprit lesion classifi cation in patients 
with ACS (Table  7.2  and Fig.  7.4 ) [ 12 ]. In order to establish 
this algorithm, it was critical to accurately characterize plaque 
erosion and calcifi ed nodule  in vivo , whose defi nitions have 
been well-established by autopsy studies. A few imaging 
studies have investigated plaque erosion and calcifi ed nodule 
in patients with ACS [ 13 ,  14 ]. However, the defi nitions used 
in those studies were based purely on pathological fi ndings 
[ 4 ] (loss of endothelial cell lines and/or dysfunction of endo-
thelial cells) which are beyond the resolution of OCT. For this 
reason, we instituted new diagnostic criteria for OCT-erosion 
and OCT-calcifi ed nodule (OCT-CN) based on pathologic 
fi ndings and also took into account the limitations of OCT 
and the differences between living patient and post-mortem 
examinations (Fig.  7.4 ). Though this classifi cation is based 
on only 126 patients presented with ACS, this is the fi rst  in 

vivo  study that systematically investigated and established the 
classifi cation of coronary culprit atherosclerotic plaque in liv-
ing patients with ACS.

7.3           Plaque Rupture 

7.3.1     Defi nition 

 In a consensus statement, ruptured plaque was defi ned as plaque 
with a structural defect or gap in the fi brous cap that separates 
the lipid-rich necrotic core of a plaque from the fl owing blood, 
thereby exposing the thrombogenic core of the plaque [ 15 ]. 
OCT characterizes plaque rupture by the presence of fi brous cap 
discontinuity with a clear cavity formed inside a lipid-rich 
plaque (Fig.  7.5 ). In contrast to pathology, OCT does not require 
the presence of overlying thrombus in the diagnosis of this type 
of lesion in living patients who may have already been treated 
with antithrombotic or thrombolytic therapy before imaging. 
Ruptured plaque typically has a large lipid-rich necrotic core 

Formation of
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consolidation of lipid core,
proteolysis, angiogenesis,
intraplaque hemorrhage,

calcification

Fibrous cap
disruption

(least common
pathway)
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Intimal
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Sudden
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  Fig. 7.2    Simplifi ed scheme for classifying atherosclerotic lesions 
modifi ed from the current AHA recommendations. The boxed areas 
represent the seven categories of lesion.  Dashed lines  are used for two 
categories because there is controversy over the role that each of them 
plays in the initial phase of lesion formation, and both “lesions” can 
exist without progressing to a fi brous cap atheroma (ie, AHA type IV 

lesion). The processes leading to lesion progression are listed between 
categories. Lines ( solid and dotted , the latter representing the least 
established processes) depict current concepts of how one category 
may progress to another, with the thickness of the line representing the 
strength of the evidence that these events do occur (From Virmani et al. 
[ 4 ])       
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(>30 % of the plaque area) and a disrupted thin fi brous cap infi l-
trated by a large number of macrophages and lymphocytes, and 
a sparse distribution of SMCs (See Table  7.3 ). Although some 
other less-defi ned terms like fi ssure and disruption have been 
used by some investigators, in order to avoid confusion, plaque 
rupture is recommended for future OCT research work.

7.3.2         Incidence 

 The incidence of plaque rupture as an underlying pathology 
of ACS ranged from 50 to 75 % in autopsy studies depends 
on the population: 75 % in patients with acute myocardial 
infarction (AMI), 55–65 % in SCD, and 36 % in unstable 

a b c

d e f

  Fig. 7.3    Representative OCT images. ( a ) Thin-cap fi broatheroma is 
characterized by thin fi brous cap (≤65 μm,  white arrows ) and large 
lipid pool ( yellow double-arrow ). ( b ) Plaque rupture ( arrows  indicate 
rupture site, asterisk indicates cavity.). ( c ) Red thrombus is defi ned as a 
mass (diameter ≥250 μm) attached to the luminal surface or fl oating 
within the lumen, which shows high backscattering with high attenua-

tion ( white arrows ). ( d ) Calcifi cation    is defi ned as an area with a signal-
poor or heterogeneous region with a sharply delineated border. ( e ) 
Macrophage accumulation is defi ned as signal-rich, distinct or confl u-
ent punctate regions that exceed the intensity of background speckle 
noise ( white arrows ). ( f ) Microchannels are defi ned as signal- poor 
voids that are sharply delineated in multiple contiguous frames ( arrows )       

   Table 7.2     In vivo  classifi cation of culprit lesions in cases of ACS   

 Lesion type  Description 

 Plaque erosion  Intact fi brous cap; with or without luminal thrombosis; underlying plaque can be lipid, fi brous, or intimal 
thickening; calcifi cation rare 

  Defi nite OCT-erosion  Luminal thrombus; intact fi brous cap; underlying plaque visible 
  Probable OCT-erosion  (a) Absence of luminal thrombus; irregular luminal surface; 

 (b) Luminal thrombus; attenuation of underlying plaque by thrombus; no superfi cial lipid or calcifi cation 
immediately proximal or distal to the site of thrombus 

 Plaque rupture  Lipid plaque with cap disruption; with or without luminal thrombus; cavity may exist 
 Calcifi ed nodule  Disrupted fi brous cap; protruding nodular calcifi cation with underlying fi brocalcifi c plaque; luminal thrombus; 

superfi cial calcium; substantive calcium proximal and/or distal to lesion 
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Plaque classification algorithm by OCT

Culprit lesions of ACS

Disrupted
fibrous cap

Intact
fibrous cap Others

Underlying plaque:
lipid

Underlying plaque:
calcium

Definite:
- Thrombus (+)
  intact underlying
  plaque visualized

- Tight stenosis
- Dissection
- Hematoma
- Coronary spasm
- Fissure

- Protruding nodular
  calcium
- Attached thrombus
- Superficial calcium
- Substantive calcium
  proximal and/or distal
  to lesion

Probable:
- Thrombus (-)
  irregular surface
- Thrombus (+)
  underlying plaque
  not visualized
  no superficial lipid
  or calcium proximal
  or distal to lesion

Plaque rupture
OCT-calcified

nodule OCT-erosion Others

  Fig. 7.4    Plaque classifi cation 
algorithm by OCT (Adapted 
from Jia et al. [ 12 ])       

a

b

c

  Fig. 7.5    Representative case of “Plaque Rupture”. A 57-year-old man 
presenting with STEMI was treated with thrombolysis. ( a    ) The coro-
nary angiogram shows the culprit lesion in the mid LAD (dashed line 
indicates the ruptured site corresponding to B). Plaque rupture is iden-

tifi ed on cross-sectional ( b ) and longitudinal ( c ) OCT images by the 
disrupted fi brous-cap ( arrowheads ) and a cavity ( asterisk ) formation 
inside the plaque.  STEMI  ST-segment elevation myocardial infarction, 
 LAD  left anterior descending coronary artery (From Jia et al. [ 12 ])       
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angina (UA) [ 4 ,  6 ,  16 – 20 ]. Based on the most recent data 
from a worldwide survey (See Table  7.4 ) including 22 
autopsy studies in which 1,847 coronary arteries were stud-
ied with the purpose of characterizing the underlying athero-
sclerotic plaques [ 21 ], plaque rupture was the primary cause 
of coronary thrombi in approximately 73 % of these fatal 
events, regardless of clinical presentation (myocardial infarc-
tion: 79 %; or sudden death: 65 %), age (>60 years: 77 %; 
<60 years: 64 %), sex (male: 76 %; female: 55 %) and 

 geographic origin (Asia: 81 %; Europe: 72 %; USA: 68 %.) 
[ 4 ,  6 ,  8 ,  17 ,  22 – 39 ]. (Fig.  7.6 ) Several  in vivo  studies con-
fi rmed that plaque rupture is the most common cause of 
acute coronary events. The very fi rst  in vivo  OCT study to 
evaluate culprit lesion morphology in the setting of ACS was 
conducted by our group [ 9 ]: we found the frequency of thin-
cap fi broatheroma (TCFA), a precursor of plaque rupture, 
was signifi cantly higher in ACS, in comparison to stable 
angina pectoris (SAP) (72 % in AMI, 50 % in UAP, and 
20 % in SAP; p = 0.012). Interestingly, the frequency of 
thrombus and plaque rupture was not signifi cantly different 
between the groups and generally lower, relative to previous 
pathological studies [ 4 ,  40 ]. This could be caused by the dis-
crete sampling method used in this study and the time delay 
between symptom onset and imaging, and antithrombotic 
therapy before imaging. Following this study, another group 
from Japan used multimodality imaging including OCT, 
IVUS, and angioscopy, to assess underlying plaque charac-
teristics [ 13 ]. This study highlighted the advantages of OCT 
for the detection of plaque rupture (73 % versus 40 % versus 
43 %, p = 0.021), erosion (23 % versus 0 % versus 3 %, 
p = 0.003), and thrombus (100 % versus 33 % versus 100 %, 
p < 0.001), in comparison to IVUS and angioscopy.

   Table 7.3    Features of ruptured plaques   

 Thrombus 
 Large necrotic core (>30 % of plaque) 
 Fibrous cap covering the necrotic core 
  Thin (thickness usually <65 μm) 
  Many macrophages (infl ammation) 
  Few smooth muscle cells (apoptosis) 
 Expansive remodelling preserving the lumen 
 Neovascularization from vasa vasorum 
 Plaque hemorrhage 
 Adventitial/perivascular infl ammation 
 ‘Spotty’ calcifi cation 

   Table 7.4    Plaque rupture underlying 1,345 (73 %) of 1,847 fatal coronary thrombi worldwide   

 Patients  Age, a  years  Cases,  n   Rupture, %  Study 

 Hospital, -  —  19  19/19 = 100  Chapman [ 23 ] 
 Hospital, -  —  17  17/17 = 100  Constantinides [ 24 ] 
 Hospital, AMI + SCD  58  40  39/40 = 98  Friedman and Van den Bovenkamp [ 25 ] 
 Hospital, AMI  62  88  71/88 = 81  Bouch and Montgomery [ 26 ] 
 Hospital, AMI  66  91  68/91 = 75  Sinapius [ 27 ] 
 Coroner, SCD  53  20  19/20 = 95  Friedman et al. [ 28 ] 
 Hospital, AMI  67  76  69/76 = 91  Horie et al. [ 29 ] 
 Hospital, AMI  67  49  40/49 = 82  Falk [ 30 ] 
 Coroner, SCD  <65  32  26/32 = 81  Tracy et al. [ 31 ] 
 Med. Exam, SCD  <70  61  39/61 = 64  El Fawal et al. [ 17 ] 
 Hospital, AMI  —  83  52/83 = 63  Yutani et al. [ 32 ] 
 Coroner, -  —  85  71/85 = 84  Richardson et al. [ 33 ] 
 Hospital, AMI  63  20  12/20 = 60  van der Wal et al. [ 8 ] 
 Coroner, SCD  —  202  143/202 = 71  Davies [ 34 ] 
 Hospital, AMI  69  291  218/291 = 75  Arbustini et al. [ 6 ] 
 Hospital, AMI  61  61  56/61 = 92  Shi et al. [ 35 ] 
 Hospital, AMI  69  100  81/100 = 81  Kojima et al. [ 22 ] 
 Med. Exam, SCD  48  360  212/360 = 59  Virmani et al. [ 4 ] 
 Med. Exam, AMI + SCD  —  31  26/31 = 84  Murai et al. [ 36 ] 
 Hospital, SCD  —  58  34/58 = 59  Giannoukas andcoworkers [ 37 ] 
 Hospital, AMI  —  14  10/14 = 71  Sato et al. [ 38 ] 
 Coroner, SCD  54  49  23/49 = 47  Subirana et al. [ 39 ] 
 AMI + SCD  —  1,847  1,345/1,847 = 73  Worldwide 

  From Falk et al. [ 21 ] 
 — not reported,  AMI  acute myocardial infarction,  SCD  sudden coronary death 
  a Mean  
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7.3.3         Plaque Ruptures in STEMI 
and Non–ST-segment Elevation 
Acute Coronary Syndrome 

 The paradigm proposed by pathologists is that the underly-
ing mechanism is identical between STEMI and non–
ST-segment elevation acute coronary syndrome (NSTEACS). 
However, this is not the case in living patients presenting 
with ACS. In our clinical study, we investigated the underly-
ing plaque characteristics in over 200 cases with ACS using 
intravascular OCT [ 12 ]. Plaque rupture was found to be 
responsible for the culprit lesion in 44 % of patients, while 
31 % had plaque erosion. Plaque rupture was more fre-
quently observed in patients with STEMI (72 %) than in 
those with NSTEACS (32 %). Another OCT study by Ino 
et al. [ 41 ] found consistent results in frequency of plaque 
rupture (70 % versus 47 %, p = 0.033); its precursor lesion- 
TCFA (78 % versus 49 %, p = 0.008) was also signifi cantly 
higher in patients with STEMI than in those with 
NSTEACS. Moreover, they found that patients with STEMI 
had different ruptured plaque morphologies as compared to 
those with NSTEACS. Although the minimum lumen area 
was similar in both groups, the ruptured cavity size was sig-
nifi cantly larger in those with STEMI as compared to those 
with NSTEACS. Lastly, the ruptured plaque of which aper-
ture was open wide against the direction of coronary fl ow, 
was more often seen in STEMI compared to NSTEACS 
(46 % versus 17 %, p = 0.036).  

7.3.4     Plaque Rupture and Exertion 

 Burke et al. [ 42 ] compared the frequency and morphology of 
plaque rupture in 116 men whose deaths occurred at rest to 
that of 25 men who died during strenuous activity or emo-
tional stress. Plaque rupture was observed in 17 (68 %) of 25 

men dying during exertion versus 27 (23 %) of 116 men 
dying at rest (p < 0.001). The mean minimum thickness of the 
fi brous cap in exertion-related plaque ruptures was thinner 
compared with that in rest-related plaque ruptures. Exertion-
related plaque rupture was more frequent in the center of the 
plaque, while rest-related rupture was more frequent in the 
shoulder of the plaque (Fig.  7.7 ). However, one OCT study 
reported opposite results that fi brous cap thickness (FCT) was 
thinner in rest-onset ACS compared with exertion-triggered 
ACS (50 μm versus 90 μm, p = 0.002), and the rupture at 
plaque shoulder was more frequent in the latter (57 % versus 
93 %, p = 0.017) (Fig.  7.8 ) [ 43 ]. Furthermore, not only TCFA 
but also thick cap fi broatheroma (ThCFA) might rupture. The 
fi ndings from this study suggested that FCT was a more 
important determinant of plaque instability than the shoulder 
region where the greatest stress was exerted, and fi brous cap 
rupture could occur at the site of plaque shoulder even in 
ThCFA up to 150 μm during exertion.

7.4          Plaque Erosion 

7.4.1     Defi nition 

 Pathologically, plaque erosion is defi ned as a plaque with 
loss and/or dysfunction of the luminal endothelial cells lead-
ing to thrombosis [ 5 ]. There is usually no additional defect or 
gap in the plaque architecture except that proteoglycans and 
smooth muscle cells are exposed to circulation. The absence 
of endothelial cells is a critical pathological criterion for 
plaque erosion; however, despite its high resolution, current 
OCT technique cannot detect individual endothelial cells. 
Therefore, the OCT defi nition of plaque erosion is based pri-
marily on a diagnosis of exclusion requiring the absence of a 
fi brous cap rupture. Since the presence of thrombus overly-
ing the culprit lesion can hinder the ability to reliably assess 
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the underlying plaque characteristics by OCT, we proposed 
the use of defi nite OCT-erosion and probable OCT-erosion to 
describe this subset of thrombotic lesions according to the 
presence of thrombus and visibility of underlying plaque sur-
face: (1) Defi nite OCT-erosion is defi ned as the presence of 
attached thrombus overlying an intact and visualized plaque 
(Fig.  7.9 ); (2) Probable OCT-erosion is defi ned by: (a) lumi-
nal surface irregularity at the culprit lesion in the absence of 
thrombus; or (b) attenuation of underlying plaque by throm-
bus without superfi cial lipid, or calcifi cation immediately 
proximal or distal to the site of thrombus (Fig.  7.10 ).

7.4.2         Incidence 

 Plaque erosion accounts for 25–40 % of coronary thrombo-
sis in patients dying from AMI or SCD. In 1994, van der Wal 
[ 8 ] introduced the generic term “plaque erosion” for coro-
nary thrombosis without plaque rupture. Plaque erosion was 
observed in 8 (40 %) patients and rupture in 12 (60 %) 
patients who died of AMI. However, in a larger autopsy 
study (n = 298) among patients with AMI not treated with 
thrombolysis or percutaneous coronary intervention, the 
incidence of plaque erosion was 25 % and plaque rupture, 

a

b

  Fig. 7.7    Plaque ruptures in 
relation to exertion. ( a ) Plaque 
Rupture at the Shoulder Region 
of the Fibrous Cap. A 38-year-
old man collapsed suddenly dur-
ing an altercation.  Left , The 
rupture site is toward the center 
of the fi brous cap ( arrows ) 
(Movat pentachrome, original 
magnifi cation ×15).  Right , A 
higher magnifi cation demon-
strating rupture site with acute 
thrombus. Note areas of thinning 
of fi brous cap ( arrowheads ) 
(Movat pentachrome, original 
magnifi cation ×45). ( b ) Plaque 
Rupture at the Center of the 
Fibrous Cap. A 60-year-old man 
was found dead in bed.  Left , The 
site of rupture is present at the 
junction of the fi brous cap with 
the mildly thickened intima of 
the relatively normal arterial 
wall (shoulder region) ( arrows ) 
(Movat pentachrome, original 
magnifi cation ×15).  Right , A 
higher magnifi cation of the 
shoulder area showing rupture 
site and overlying thrombus 
(Movat pentachrome, original 
magnifi cation ×30) (Adapted 
from Burke et al. [ 42 ])       
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75 %. Plaque erosion was more common in women than in 
men (37.4 % versus 18.5 %; p = 0.0004) [ 6 ]. Farb et al. [ 5 ] 
studied 96 cases of sudden coronary death to compare the 
incidence and morphological characteristics of coronary 
thrombosis in plaque rupture versus plaque erosion. Out of 
50 cases with acute thrombus, plaque erosion was defi ned in 
22 (44 %) cases versus plaque rupture in 28 (56 %). Plaque 
erosion was more often seen in younger individuals and 
women, who have less luminal narrowing and less calcifi ca-
tion, and less frequently have foci of macrophages and T 
cells as compared to plaque ruptures (See Table  7.5 ). Another 
study with 241 cases of SCD reported that plaque erosion 
constituted approximately 40 % of cases. Again, plaque ero-
sions were more common in young women and men 
<50 years old, and were associated with smoking, especially 
in premenopausal women [ 4 ].

    In vivo  imaging data on the mechanism of plaque erosion 
is very limited. Using OCT, our analysis of 126 patients with 
ACS indicated that the incidence of OCT-erosion was 31 % 
(defi nite: 18 %; probable: 13 %) [ 12 ]. Excluding the cases 

caused by other uncommon lesions, the incidence was 
37.5 % which is much more consistent with pathology 
 studies. Additionally, patients with OCT-erosion were 
younger, had less severe stenosis, and more frequently pre-
sented with NSTEACS than those with plaque rupture. 
Another OCT study reported the incidence of 23 % [ 13 ]. 
However, the defi nition of erosion used in this study was 
taken directly from pathology which is not suitable for OCT, 
and therefore the incidence of plaque erosion may have been 
underestimated in this study.  

7.4.3     Plaque Erosion and Underlying 
Plaque Morphology 

 Unlike plaque rupture, the underlying plaque feature of 
plaque erosion primarily involves early lesions which consist 
of pathological intimal thickening, fi brous plaque, or fi bro-
atheromas with thick fi brous cap and less extensive necrotic 
core, less calcifi cation, and less plaque burden [ 4 ,  5 ,  44 ]. 

Cavity

Cavity

Lumen Lumen

OCT catheter OCT catheter

  Fig. 7.8    Representative cases of plaque rupture occurring at rest or 
with exertion.  Left , Plaque rupture that occurred at rest. Fibrous cap was 
broken at the midportion, 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 (From Tanaka et al. [ 43 ])       
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Those fi ndings were also confi rmed by an imaging study 
which showed that lipid plaque was less frequently detected 
in OCT-erosion than in plaque rupture. Of note, the distribu-
tion of OCT-erosion in fi brous plaque and lipid plaque was 
similar (44 % in fi brous versus 56 % in lipid plaques) 
(Fig.  7.11 ). However, when lipid plaque was present in OCT- 
erosion, overlying fi brous cap was thicker, lipid arc was 
smaller, and lipid length was shorter, as compared to those 
involved in plaque rupture [ 12 ]. The eroded site often dis-
plays an absence or minimal infl ammation characterized by 
few macrophages and lymphocytes [ 4 ,  5 ], in contrast to a 
previous study that reported infl ammation at the site of 
 erosion [ 8 ]. The intima underneath thrombus is rich in 
smooth muscle cells. Unlike plaque rupture which is rich in 
type I collagen and biglycan and decoroin, the plaque adja-
cent to the thrombus in plaque erosion is often rich in type III 
collagen, versican, and hyaluronan of which selective 

 accumulation may promote deendothelialization and platelet 
aggregation [ 5 ,  45 ,  46 ].

   An autopsy study has shown that more than 85 % of coro-
nary thrombi in erosions exhibited late stages of healing 
characterized by infl ammatory cell lysis, invasion by SMCs 
and/or endothelial cells, or organized layers of SMCs and 
proteoglycans with varying degrees of platelet/fi brin 
 layering. In contrast, in ruptures nearly one-half of thrombi 
didn’t show any healing, implying that thrombus maturation 
in fatal lesions is highly dependent on the underlying lesion 
morphology [ 44 ]. Clot embolization was more frequently 
observed in erosions (71 %) than in plaque rupture (42 %), 
most commonly affecting microvessels <120 μm in diame-
ter, particularly in the left anterior descending coronary 
artery [ 47 ]. In another autopsy study, coronary thrombi in 
eroded plaques have been shown to contain a higher density 
of myeloperoxidase-positive cells than those of ruptured 

a a
b

c
d

b c d

  Fig. 7.9    Representative case of “Defi nite OCT-erosion”. A 31-year-
old man presented with NSTEMI. Angiographic image ( upper right ) 
shows a moderate stenosis in the proximal LAD. Serial OCT cross-
sectional images from proximal to distal of the culprit lesion indicate 
that no rupture is detected. Cross-sectional images indicate fi brous 

plaque (homogeneous high signal region) proximal ( a ) and distal ( d ) to 
thrombus. OCT-erosion is identifi ed as an irregular lumen surface with 
attached mural thrombus ( arrows ) overlying a fi brous plaque ( b ,  c ). 
 NSTEMI  non-ST-segment elevation myocardial infarction,  LAD  left 
anterior descending coronary artery (From Jia et al. [ 12 ])       
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plaques [ 48 ]. Moreover, patients with ACS caused by plaque 
erosion had higher levels of myeloperoxidase in circulation 
blood as compared to those by plaque rupture, suggesting 
that it may be possible to make a diagnosis of plaque erosion 
by testing infl ammatory biomarkers without invasive imaging 

examination. However, large prospective studies are needed 
to fi nd more distinguishing and sensitive potential biomark-
ers for plaque erosion. 

 Based on these observations, there are distinct pathological 
features and clinical characteristics that are associated with 

b

a

c d

a b
c

d

  Fig. 7.10    Representative case of “Probable OCT-erosion”. A 37-year- 
old male smoker presented with STEMI. The angiographic image ( bot-
tom right ) shows a mild stenosis in the proximal LAD. Serial OCT 
cross-sectional images from proximal to distal of the culprit lesion show 
absence of detectable rupture ( a  through  d ). Underlying plaque 

 morphology is not well visualized due to the presence of residual red 
thrombus ( a – c ,  arrows ). OCT images in the distal and proximal seg-
ments of the thrombotic lesions show the absence of superfi cial lipid and 
calcifi cation ( a ,  d ).  STEMI  ST-segment elevation myocardial infarction, 
 LAD  left anterior descending coronary artery (From Jia et al. [ 12 ])       

 Plaque rupture (n = 28)  Plaque erosion (n = 22)   P  

 Male: female  23:5  11:11  0.03 
 Age, year  53 ± 10  44 ± 7  <0.02 
 % Stenosis  78 ± 12  70 ± 11  <0.03 
 Calcifi ed plaque  19 (69)  5 (23)  0.002 
 Occlusive: nonocclusive thrombus  12:16 (43:57)  4:18 (18:82)  0.08 
 Concentric: eccentric  13:15 (46:54)  4:18 (18:82)  0.07 
 Macrophages  28 (100)  11 (50)  <0.0001 
 T cells  21 (75)  7 (32)  <0.004 
 Smooth muscle cells  11 (33)  21 (95)  <0.0001 
 HLA-DR positive  25 (89)  8 (36)  0.0002 

  From Farb et al. [ 5 ]  

  Table 7.5    Plaque rupture 
compared with plaque erosion  
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a b
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  Fig. 7.11    Representative images of OCT-erosion overlying fi brous 
plaque and lipid-rich plaque. ( a ) OCT-erosion overlying a fi brous 
plaque is identifi ed as an irregular lumen surface with attached mural 
thrombus ( arrows ). ( b ) Magnifi cation of the eroded site corresponded 
to the region in  box  in ( a ). ( c ) A 63-year-old man presented with unsta-
ble angina. Serial OCT cross-sectional images from distal to proximal 

of the culprit lesion showed no evidence of fi brous cap rupture. Lipid- 
rich plaque with white thrombus ( yellow arrows ) attached was detected 
in the culprit lesion. Thick fi brous cap ( white arrows ) overlying the 
deep lipid core ( LC ) observed on both eroded region ( e ) and non-eroded 
region ( d ). ( d ,  e ) Corresponded to the region in  box  in ( c )       
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plaque rupture and erosion, which suggests that they might be 
caused by different pathophysiologic mechanisms and there-
fore may need distinct treatment. Plaque rupture induces mas-
sive thrombus formation at the culprit site. In contrast, erosion 
often causes less thrombus burden, preserved vascular struc-
ture, and larger lumen. It is conceivable that patients with ero-
sion might be stabilized more effectively by antithrombotic 
treatment without stent implantation if the lumen is not signifi -
cantly compromised after thrombectomy. However, further 
evidence is needed to support this hypothesis.   

7.5     Calcifi ed Nodule 

7.5.1     Defi nition 

 As the least common cause of coronary thrombosis, “calci-
fi ed nodule” was fi rst introduced by Virmani et al. in 2000 
[ 4 ]. It refers to a lesion that occurs in disruptive nodular cal-
cifi cation protruding into the lumen with overlying thrombus. 

It consists of areas of fragmented calcifi ed sheets that form 
small calcifi ed nodules that are mixed with fi brin and have a 
small luminal thrombus. Based on the pathological morphol-
ogies discussed above, OCT-CN is defi ned when fi brous cap 
disruption is detected over a calcifi ed plaque characterized by 
protruding calcifi cation, superfi cial calcium, and the presence 
of substantive calcium proximal and/or distal to the lesion 
(Fig.  7.12 ) [ 12 ]. Of note, calcifi ed nodule, by defi nition 
requires an overlying thrombus and disruptive luminal sur-
face, and should not be confused with nodular calcifi cation 
with thin fi brous cap which does not induce thrombosis.

7.5.2        Incidence and Underlying Plaque 
Characteristics 

 Pathology study showed that calcifi ed nodules are responsi-
ble for 2–7 % of coronary thrombosis in patients with SCD 
and AMI [ 4 ]. A similar fi nding was reported by an  in vivo  
study showing 8 % in patients with ACS [ 12 ]. Using distinct 

a b
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  Fig. 7.12    Representative case of “OCT-calcifi ed nodule”. A 75-year- 
old male smoker with unstable angina. Coronary angiogram angiogra-
phy ( upper right ) demonstrated a complex lesion in the distal right 
coronary artery. OCT-calcifi ed nodule is identifi ed as a nodular 

 calcifi cation ( a ) protruding into lumen through a disrupted fi brous cap 
( arrowheads ) overlying superfi cial calcifi cation with red thrombus ( b , 
 c ,  arrows ) attached to the disrupted site. The  asterisk  (*) indicates the 
guide wire (From Jia et al. [ 12 ])       
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features (irregular and convex luminal surface) to defi ne cal-
cifi ed nodule on IVUS, the PROSPECT (Providing Regional 
Observations to Study Predictors of Events in the Coronary 
Tree) study showed an even higher prevalence of calcifi ed 
nodule in patients with ACS who underwent three-vessel 
gray-scale and virtual histology IVUS (VH-IVUS) [ 49 ]. 
Overall, 314 calcifi ed nodules were found in 250 of 1,573 
analyzable arteries, with a prevalence of 17 % per artery and 
30 % per patient. However, caution should be exercised 
when interpreting these results, as the PROSPECT study did 
not distinguish a “thrombotic calcifi ed nodule” from a “non- 
thrombotic nodular calcifi cation.” The previously reported 
calcifi ed nodules in the autopsy studies required the presence 
of luminal thrombus. Moreover, VH-IVUS is unable to 
detect the presence of thrombus. “Non-thrombotic calcifi ed 
nodules” which have been described by pathology as 
 “nodular calcifi cation” should be discriminated from “calci-
fi ed nodules.” Therefore it is not surprising that lesions with 
IVUS-defi ned “calcifi ed nodule” in the PROSPECT study 
are frequent but are unlikely to cause future coronary events. 

 Although the true mechanisms of calcifi ed nodules 
remain incompletely understood, fi brin is often present 
between the calcifi ed spicules, along with rare osteoclasts 
and infl ammatory cells, suggesting that cracking and frag-
mentation of  calcifi ed plate with intraplaque hemorrhage 
may be the key mechanism of calcifi ed nodule [ 4 ]. Lesions 
with eruptive nodular calcifi cation are more common in 
highly calcifi ed tortuous arteries, in older individuals, in 
males, and are commonly found in the mid right coronary 
or the left anterior descending coronary arteries. Calcifi ed 

nodules are often eccentric, and occur in the absence of 
endothelium overlying nodular calcium and are associated 
with non-occlusive thrombus.   

7.6     Concept of Vulnerable Plaque 

 The term “vulnerable plaque” is used to describe thrombosis- 
prone plaques. Our understanding of vulnerable plaque is 
mostly derived from comprehensive examination of plaque 
rupture. Precursors of plaque erosion and calcifi ed nodule 
have not been identifi ed. Traditionally, TCFA is designated as 
vulnerable plaque which is characterized by a thin fi brous cap 
heavily infi ltrated by macrophages and an underlying large 
lipid core. Compared to ruptured plaques, TCFA has a smaller 
necrotic core, fewer macrophages within the fi brous cap, less 
plaque burden, and less luminal stenosis [ 50 ,  51 ]. (Fig.  7.13 ) 
Virmani et al. [ 4 ] defi ned vulnerable plaque based on the 
actual thickness of the histological section from measure-
ments made on plaque ruptures. TCFA is defi ned as a lesion 
with a fi brous cap <65 μm thick. A thickness of 65 μm was 
chosen as the criterion of instability because in rupture the 
mean cap thickness was 23 ± 19 μm; 95 % of caps measured 
less than 65 μm within a limit of only two standard devia-
tions. As illustrated in Fig.  7.14 , it is believed that lipid accu-
mulation, thinning of fi brous cap with local loss of smooth 
muscle infl ammation with many macrophages and few mast 
cells, and intraplaque hemorrhage, destabilize plaques, mak-
ing them vulnerable to rupture [ 52 ]. FCT and size of necrotic 
core are the most important determinants of vulnerable 

a b

*

  Fig. 7.13    Vulnerable plaque and ruptured plaque. ( a ) Cross-section of 
a coronary artery containing a plaque assumed to be rupture-prone, 
consisting of a relatively large lipid-rich core covered by a thin and 
fragile fi brous cap. Trichrome stain, rendering collagen blue and lipid 
colorless. ( b ) Plaque rupture. Cross-sectioned coronary artery contain-
ing a lipid-rich atherosclerotic plaque with occlusive thrombosis super-
imposed. The fi brous cap covering the lipid-rich core is ruptured 

(between  arrows ) exposing the thrombogenic core to the blood in the 
lumen. Athermanous plaque content is displaced through the gap in the 
cap into the lumen (cholesterol crystals    at  asterisk ), clearly indicating 
the sequence of events: plaque rupture preceded thrombus formation. 
Trichrome stain, rendering luminal thrombus and intraplaque haemor-
rhage red and collagen blue (Adapted from Camm et al. [ 52 ])       
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plaque, although the mechanism of thinning or weakening of 
fi brous cap is still unknown. This concept has been further 
confi rmed by two important studies published recently [ 51 , 
 53 ]. One study from our group investigated the morphologi-
cal characteristics of ruptured culprit plaques (RCP) respon-
sible for acute events, and compared them with ruptured 
non-culprit plaques (RNCP) and non-ruptured TCFA in 
patients presenting with ACS. The results indicated that RCP 
had larger plaque burden and smaller lumen area, when com-
pared with RNCP and TCFA. Morphologic plaque features 
were not signifi cantly different between RNCP and TCFA 
except for a thinner FCT observed in RNCP. The FCT <52 μm 
was the best cut-off value to discriminate ruptured plaque 
from TCFA (AUC = 0.857, p < 0.001), and plaque burden 
>76 % and lumen area <2.6 mm 2  were the best cut- off values 
to discriminate RCP from RNCP and TCFA (AUC = 0.923, 
p < 0.001 and AUC = 0.881, p < 0.001, respectively) [ 51 ]. In 
another study, Narula et al. [ 53 ] analyzed 195 coronary 

plaques (105 fi broatheroma, 88 TCFA, and 102 ruptured 
plaque) from sudden cardiac death cases to determine the 
hierarchical importance of various pathological characteris-
tics (including FCT, luminal stenosis, plaque area, necrotic 
core area, infl ammation, and calcifi cation) that might differ-
entiate stable plaque from TCFA and ruptured plaque. They 
found FCT was the most important plaque characteristic 
when discriminating between these different plaque morphol-
ogies [ 53 ]. These fi ndings suggest that TCFA has to progress 
more with a larger plaque size and greater stenosis before it is 
likely to rupture leading to an acute coronary event.

    Currently, OCT is believed to be the ideal intravascular 
imaging tool to identify TCFA  in vivo  because OCT is the 
only modality that can accurately measure FCT. By OCT, 
TCFA is defi ned as a plaque with thin fi brous cap (≤65 μm) 
overlying a large lipid pool (lipid arc >2 quadrants on cross- 
sectional image) (Fig.  7.15 ). Indeed, OCT has been used in 
several studies to detect plaque vulnerability. Almost 
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  Fig. 7.14    Plaque vulnerability, 
rupture and thrombosis. Lipid 
accumulation, cap thinning, mac-
rophage infi ltration, and local 
loss of smooth muscle cells 
destabilize plaques, making them 
vulnerable to rupture. It is 
unknown whether rupture of a 
vulnerable plaque is a random 
(spontaneous) or triggered event. 
The thrombotic response to 
plaque rupture is dynamic and 
depends on local (e.g. exposed 
substrate and shear forces) as 
well as systemic factors (e.g. 
platelets, coagulation and fi bri-
nolysis) (From Camm 
et al. [ 52 ])       
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 consistently, those OCT studies demonstrated that TCFA is 
more frequently observed in patients with ACS than in those 
with SAP [ 9 ,  54 ]. However, the challenge is whether these 
dangerous plaques defi ned by OCT can really cause future 
clinical events. It should be noted that contrary to common 
perception, there is compelling evidence that plaque rupture 
and thrombosis most often do not lead to clinical coronary 
events [ 55 ,  56 ]. Rather, these subclinical plaque rupture and 
thrombus formations are fairly frequent events that lead to 
plaque progression and the development of lumen stenosis 
[ 57 ]. These observations suggest that identifying plaques 
that are prone to rupture (TCFA) may not be as signifi cant as 
previously held. This concept was recently confi rmed in the 
PROSPECT study, which followed up 697 patients with 
ACS after VH-IVUS for 3 years for the occurrence of adverse 
cardiac events [ 58 ]. Although 595 TCFA were identifi ed by 
IVUS in 313 of 623 patients, only 26 of these plaques were 
responsible for subsequent events at 3 years. Notably, over 
3,000 non-culprit lesions were identifi ed at baseline in 673 
patients with ACS but only 6 were subsequently related to 
MI and death after 3 years.

   The evidence from these clinical studies suggests that 
plaque vulnerability may be temporary and is dynamically 
changing, which may further invalidate the use of plaque 
characteristic identifi cation at any point in time to predict 
future events. Kubo et al. [ 59 ] performed serial (baseline and 
12-month follow-up) VH-IVUS studies and examined 216 
non-culprit lesions (plaque burden ≥40 %) in 99 patients. 
They found that the majority of TCFA evolved into ThCFA 

after 12 months of follow-up. Conversely, some ThCFA and 
some mild plaques described as intimal thickening at base-
line changed into TCFA over 12 months. However, serial 
imaging studies are needed to conclusively establish the 
 concept of temporal instability of plaque morphology.  

    Conclusions 

 The primary cause of ACS is plaque rupture, followed by 
plaque erosion, and least frequently, by calcifi ed nodule. 
Intravascular OCT provides unprecedented insight into 
mechanism of ACS. Distinct underlying plaque morphol-
ogy between plaque rupture and plaque erosion defi ned 
by OCT suggests that different treatment should be con-
sidered for patients with plaque erosion. Although further 
clinical research with more subjects is needed, OCT will 
undoubtedly play a critical role in understanding the 
underlying mechanisms of ACS and ultimately, the future 
of ACS treatment.     
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8.1         Introduction 

 Spontaneous coronary artery dissection (SCAD) is an infre-
quent cause of acute coronary syndrome. Given its infre-
quency much of the knowledge on the subject matter has 
been gained through case reports and case series. SCAD 
appears to be associated with specifi c clinical and pathoge-
netic characteristics dissimilar to conventional atheroscle-
rotic coronary artery disease. The advent of optical coherence 
tomography (OCT) has provided the opportunity of an “in-
vivo microscope” to better detail this poorly understood dis-
ease process. OCT has been shown to better characterize and 
confi rm the diagnosis of acute SCAD, guide percutaneous 
treatment option, assess acute stent implant complication in 
SCAD, and follow up on SCAD  treatment  outcome. This 

chapter will briefl y review the clinical  characteristics of 
SCAD patients from major registries, review some of the 
postulated pathogenetic processes, examine previous knowl-
edge gained from angiography and intravascular ultrasound 
studies, and detail the OCT fi ndings of SCAD and some of 
its potential clinical use in SCAD.  

8.2     Pathogenesis 

 Pretty, originally using the term “dissecting aneurysm of 
coronary artery”, fi rst described SCAD in 1931 in an autopsy 
study [ 1 ]. A larger defi nitive eight patient autopsy series was 
published in 1982 by Robinowitz et al. [ 2 ]. This histological 
series demonstrated a common pathological feature of focal 
adventitial infl ammatory infi ltrate, predominantly composed 
of esosinophils. The infi ltrate was only seen in dissected 
arterial segments and the authors postulated that eosinophilic 
infi ltrate may be primarily responsible for SCAD in these 
patients, potentially causing lysis in the arterial wall leading 
to intramural hematoma formation. 

      Spontaneous Coronary Artery 
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 A second pathogenetic hypothesis was that of cystic 
medial necrosis (CMN), such as associated with such con-
nective tissue disorder (CTD) as Marfan’s syndrome. An 
interesting case report by Briguori et al. [ 3 ] documented cys-
tic medial necrosis on thromboaspirated material in a patient 
with angiographic SCAD. The association with (CTD) 
remains somewhat controversial. Patients with Marfan’s syn-
drome rarely develop SCAD, apart from that related to aortic 
dissection extension. There was also no CMN demonstrated 
in the eight patient autopsy histological examination. Indeed 
some more recent large single center angiographic clinical 
studies by Saw et al. [ 4 ] and Alfonso et al. [ 5 ] found no 
increased incidence of CTD in SCAD presentation. 

 A more recent association was reported to be fi bromuscular 
dysplasia (FMD), fi rst suggested in 2005 by Pate et al. [ 6 ] and 
followed later in a 50 patient series by Saw et al. [ 4 ] where all 
these patients with non atherosclerotic SCAD were retrospec-
tively identifi ed and then investigated for possible noncoronary 
FMD such as renal, iliac or cerebrovascular involvement. The 
study showed 86 % of SCAD patients had at least one non-coro-
nary FMD on screening (58.1 % had involvement renal, 48.8 % 
iliac and 46.5 % cerebrovascular). This led the researchers to 
hypothesize a potential pathogenetic association – that SCAD 
may be the culmination of coronary FMD. The association with 
FMD was also replicated in the largest SCAD registry to date of 
87 patients by Tweet et al. [ 7 ], in which 8 out of angigoraphic 
SCAD 16 patients, who had femoral angiography for vascular 
closure device, were shown to have concomitant femoral 
FMD. The association seems more than coincidental and further 
defi nitive autopsy data will be important atherosclerotic.  

8.3     Clinical Characteristics 

 Over the years there had been hundreds of case reports in the 
literature on SCAD. Over the recent decade there had been 
several large single center case series (Table  8.1 ) [ 4 ,  5 ,  7 – 10 ] 
from which there had been a better appreciation of the com-
mon clinical characteristics that differentiate SCAD from 
conventional coronary artery disease. These clinical associations 

are important to recognize as a high index of suspicion is 
crucial in not missing the diagnosis, particularly in the 
absence of intracoronary imaging.

   The true incidence is hard to ascertain and the reported 
incidence varies signifi cantly. A review by Giacoppo et al. 
[ 11 ] showed an incidence of between 0.03 and 1.1 %. It 
should however be noted the diagnostic means varied widely 
in the numerous series included with varying denominator. 
An interesting recent series by Nishiguchi et al. [ 12 ] utilized 
OCT for diagnosis and this saw a 4 % incidence amongst 
acute coronary syndrome presentations, the highest incidence 
reported in the literature. It is therefore likely if coronary 
angiography or even intravascular ultrasound were the only 
modality used for diagnosis a signifi cant portion of SCAD 
patients will be missed. 

 Young females are disproportionately represented in 
SCAD (see Table  8.1 ). Almost all cases presented with 
acute coronary syndrome, and possibly a signifi cant portion 
which culminated in sudden cardiac death were never cap-
tured further adding to the common perception of underdi-
agnosis. Temporally there has also been a strong association 
of SCAD with peripartum or postpartum state [ 11 ], thought 
to be related to the impact of hormonal variation on arterial 
wall integrity. 

 Most SCAD patients had fewer cardiovascular risk fac-
tors than conventional acute coronary syndrome patients. All 
coronary branches have been reported to be affected by 
SCAD as had reports of multivessel involvement in the same 
index presentation. Recent observational data [ 5 ,  7 ] sug-
gested a favourable outcome with a conservative approach, 
particularly in the presence of adequate or normal coronary 
blood fl ow in the affected artery; and that percutaneous coro-
nary interventions are not infrequently unsuccessful even in 
experienced centers, requiring almost always more than one 
stent [ 7 ]. In the largest single center series by Tweet et al. [ 7 ], 
the 10-year recurrence rate was estimated at 29.4 %. 

 The recognition of such clinical factors is very important as 
SCAD occurs with such infrequency unless one is mindful of 
such clinical associations, SCAD can often be missed particu-
larly when an angiographic radiolucent fl ap is not present.  

    Table 8.1    Large case series of SCAD   

 Study investigator  Number 
 Female 
(%)  Age  LM 

 LAD 
(%) 

 LCX 
(%) 

 RCA 
(%) 

 STEMI 
(%) 

 NSTEMI/USA 
(%) 

 Thrombolysis 
(%) 

 Medical 
(%) 

 PCI 
(%) 

 CABG 
(%) 

 Romero- Rodriguez 
et al. [ 8 ] 

 19  79  47.7  0  63  26  11  68.4  31.6  16  58  26  0 

 Vanzetto et al. [ 9 ]  23  74  46.3  13 %  52  22  13  60.0  40.0  0  43  35  22 
 Mortensen 
et al. [ 10 ] 

 22  82  48.7  9 %  86  5  14  72.0  28.0  0  32  59  9 

 Tweet et al. [ 7 ]  87  82  43  9 %  71  18  31  49.4  50.6  13  36  45  5 
 Alfonso et al. [ 5 ]  45  58  51  N/A  53  16  29  40.0  60.0  0  69  29  20 
 Saw et al. [ 4 ]  50  98  51  N/A  40  34  32  30  70  0  82  14  4 
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8.4     Coronary Angiography 

 Traditionally it is recognized that coronary angiography 
grossly under diagnoses SCAD. Whilst this is not particu-
larly true when a dissection or intimal fl ap is clearly visible 
on angiography, this occurs most particularly in SCAD 
which has resulted in diffuse stenosis with an intramural 
hematoma without a fl ap. There are many case reports in the 
literature where SCAD was “invisible” on angiography and 
the diagnosis was elucidated only on intravascular imaging. 

 An angiographic classifi cation for SCAD has recently 
been proposed by Saw [ 13 ], with three types of angiographic 
subtypes. Type 1 is the stereotypical angiographic appear-
ance with a radiolucent fl ap (Fig  8.1a ). Type 2 involves usu-
ally the mid to distal segments with often an abrupt change 
in vessel calibre, often extending into the terminal segment 
(Fig.  8.1b ). Type 3 describes a focal segment of “atheroscle-
rotic” lesion, usually in a localized segment of an artery, with 
compromise of side branches but usually otherwise no 
 atherosclerotic lesion in other segments (Fig.  8.1c ).

   Most conventional angiography series tend to suggest an 
under-diagnosis when there is a low index of suspicion 
amongst angiographers. However, in an unusual twist, when 
OCT was systemically employed for angiographically sus-
pected SCAD lesions [ 14 ], some cases transpired to be intra-
coronary thrombus manifesting as fi lling defect, even diffuse 
atherosclerotic lesions. In short, when a radiolucent dissec-
tion fl ap is seen angiographically, the diagnosis of SCAD is 
reasonably specifi c; in the absence of a dissection fl ap, angi-
ography alone is not suffi ciently sensitive enough to rule out 
SCAD, particularly the “diffuse stenosis” subtype caused by 
intramural hematoma mimicking atherosclerosis (Table  8.2 ).

8.5        Intravascular Ultrasound 

 The appearance of SCAD on IVUS was fi rst reported by 
Maehara et al. [ 15 ] in 2002. These IVUS studies were impor-
tant in establishing the two cardinal and pathognomonic fea-
tures for SCAD on intravascular imaging: intimal dissection 
fl ap and intramural hematoma. As originally suggested from 
autopsy studies, spontaneous intramural hematoma was the 
fi rst diagnostic feature for SCAD. The fi nding of an intimal 
fl ap progressed the understanding of SCAD, and raised sev-
eral pathogenetic mechanism. One, a spontaneous separation 
developed between the arterial layers, allowing the develop-
ment of a false lumen, eventually leading to the dual lumen. 
Second, a hematoma occurred spontaneously, with the 
expanding hematoma eventually rupturing into true lumen 
causing an intimal tear from the pressurized cavity. 

 The enhanced resolution of OCT over IVUS has now 
meant however that OCT may be the intracoronary imaging 
of choice in SCAD, although a defi nitive comparison 
between IVUS and OCT in SCAD is yet to be performed. 
The fi rst comparison between the two modalities was 
reported by Poon et al. [ 16 ], who suggested potential superi-
ority of OCT over IVUS. A subsequent eight patient series 
by Paulo et al. [ 17 ] demonstrated that the two modalities 
may be complementary. 

 The biggest limitation to OCT in the use of SCAD is the 
depth of penetration, particularly in the setting of thrombus 
and signifi cant intramural hematoma where the external ref-
erence diameter is diffi cult if not impossible to assess. 
Indeed, in two recent OCT SCAD series (Paulo [ 17 ] and 
Nishiguchi [ 12 ]), thrombus and signifi cant residual blood 
render OCT uninterpretable. In Paulo’s eight patient series, 

a b c

  Fig. 8.1    Angiographic classifi cation of SCAD. ( a ,  b ) Multi-vessel 
involvement in the same patient. ( a ) Radiolucent dissection fl ap ( arrow ) 
in the diagonal artery; ( b ) abrupt change in calibre ( arrow ) affecting the 

posterolateral branch. ( c ) Atherosclerotic type lesion affecting the mid 
LAD. Note unusual diffuse side branch compromise       
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IVUS provided better defi nition on the external layer, better 
assessment of the heterogeneity within the intramural hema-
toma, and allowed for longer segments to be imaged. A sum-
mary of the characteristics of each imaging modality is 
presented in Table  8.2 .  

8.6     Optical Coherence Tomography 

8.6.1     Diagnosis and Examination of SCAD 

 To date much of the data on OCT in SCAD had been accu-
mulated from case reports and 3 larger single center case 
series (Table  8.3 ), representing no more than 50 cases of 
SCAD on OCT altogether. The use of OCT in the diagnosis 
of SCAD was fi rst reported in 2009 by Alfonso et al. [ 18 ] 
and Ishibashi et al. [ 19 ] separately.

   OCT is now arguably the gold standard for the diagnosis 
of SCAD, with its near tissue level defi nition providing 
unprecedented specifi city and sensitivity compared to angi-
ography or intravascular ultrasound. Intravascular imaging, 
particularly with OCT, is instrumental in confi rming diagno-
sis in angiographically silent SCAD lesions, as shown in 
many anecdoctal reports [ 20 ]. 

 The observational data accumulated thus far corrobo-
rated the two distinctive intravascular features of SCAD 
lesions demonstrated on IVUS studies, namely that of the 
intimal fl ap and intramural hematoma. OCT has however 
provided further interesting insights into the pathology of 
SCAD. 

8.6.1.1     Typical OCT SCAD Characteristics 
 The fi rst pathognomonic signature of SCAD by defi nition, at 
least on angiography, is a dissection fl ap that is not iatro-
genic, especially in otherwise normal vessel segment with no 
atherosclerosis or intrinsic vessel wall pathology. The fi nd-
ing of an intimal/dissection fl ap, assuming no wire trauma 
prior to the acquisition of OCT images, is diagnostic. The 
unique resolution advantage of OCT [ 21 ,  22 ] seems to 
improve the diagnosis of intimal fl aps. In Alfonso’s 11 
patient series [ 14 ], a rupture site was identifi ed in 74 % of 
cases, otherwise angiographically invisible. In Paulo’s series 
[ 17 ], IVUS failed to demonstrate 4/6 rupture sites demon-
strated on OCT. From the limited data, it would appear that 
OCT has a diagnostic accuracy for intimal fl ap or rupture 
sites superior to both angiography and IVUS. The localiza-
tion of an intimal fl ap, particular in its relationship to the 
intramural hematoma and resultant stenosis, also facilitates 
and guides coronary intervention (see later). 

 The second diagnostic feature is that of an intramural 
hematoma (Figs.  8.2  and  8.3 ), which formed a pathological 
sine qua non for SCAD in the autopsy era. It has been previ-
ously suggested that there may be two pathogenetic pro-
cesses for SCAD. First an initmal tear that propagates and 
causes dual lumen and hence luminal compromise. Second, 
a medial spontaneous hematoma that may not necessarily be 
associated with an intimal fl ap but may culminate as a dif-
fuse luminal narrowing without the typical angiographic 
appearance of dual lumen. An intimal fl ap confi rms the diag-
nosis but this may therefore not always be present. The pres-
ence of a spontaneous intramural hematoma is a powerful 
diagnostic feature. In the angiographic classifi cation  proposed 

 Coronary angiography  IVUS  OCT 

 Diagnosis  +  ++  +++ 
 Radiolucent intimal fl ap  +++  ++  +++ 
 Microscopic intimal fl ap  −  +  +++ 
 Diffuse intramural hematoma/stenosis  −  ++  +++ 
 Longitudinal extent of hematoma  +  +++  +++ 
 Intimal fl ap thickness  −  −  +++ 
 Overlying thrombus  −  +  +++ 
 Red vs. white thrombus  −  −  +++ 
 Side branch involvement  ++  ++  ++ 
 Associated atherosclerotic plaque  +  ++  +++ 
 Intramural hematoma characterization  −  +++  + 
 Image quality with thrombus  −  +++  + 
 Depth of penetration  N/A  +++  + 
 Large vessel assessment  +++  +++  ++ 
 Percutaneous intervention 
 Reference diameter/external lamina  +  +++  + 
 Entry and Exit ports  −  +  +++ 
 Residual stenosis/hematoma  −  ++  +++ 
 Trapped hematoma/complication assessment  +  ++  +++ 

   Table 8.2    Characteristics of 
angiography vs. IVUS vs. OCT  
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       Table 8.3    OCT SCAD case series   

 Study 
 Year 
published  OCT 

 STEMI: 
NSTEMI 

 Dissection 
fl ap seen (%)  Thrombus  Atherosclerosis  Comments 

 Alfonso et al. [ 14 ]  2012  11  9:2  74  100 %  27 %  First systematic OCT study in SCAD. 
Intimomedial dissection discovered; 
common thrombus association 

 Paulo et al. [ 17 ]  2013  8  N/A  75  N/A  N/A  IVUS vs. OCT in SCAD. IVUS 
better thrombus penetration, longer 
lesion evaluated, longer false lumen 
imaged 

 Nishiguchi et al. [ 12 ]  2013  13  8:3  77  69 %  N/A  Systematic evaluation fo SCAD 
incidence in ACS patients. Entry door 
and hematoma patients may present 
with different clinical characteristics 

  Fig. 8.2    Characteristic SCAD fi ndings on OCT.  1  Distal “exit” fl ap, 
note poor contrast clearing creating artefact;  2  dissection fl ap, with 
communication to false lumen, note heterogeneous hematoma at 6 
o’clock;  3  near circumferential hematoma, however external lamina not 
seen at all;  4  signifi cant volume of hematoma with external lamina visu-
alized;  5  relatively thin intimal fl ap compared to 2, complex heteroge-
neous hematoma;  6  pressurized hematoma compartment causing true 

lumen compression from hematoma propagation;  7  side branch from 
perfused through true lumen with contralateral false lumen;  8  stent 
struts malapposed, suggesting further judicious postdilatation needed;  9  
apposed stent struts, with underlying dissection fl ap re-adhered;  10  
plaque prolapse at 2 o’clock as commonly seen acute coronary lesions; 
 11  well expanded struts with no residual hematoma;  12  6 month follow 
up of well endothelialized struts       
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by Saw [ 13 ], the diffuse atherosclerotic subtype of SCAD 
(Type III) is most easily mistaken or misdiagnosed otherwise 
without intravascular imaging.

8.6.1.2         Unique OCT Insights 

  Intimo-Medial Flap and FMD 
 One of the interesting fi ndings from the biggest single center 
series is the thickness of the so-called intimal fl ap (Fig.  8.2 ). 
It has been previously perceived that the dissection plane 
exists between the intima and the media. In Alfonso’s 11 
patient series [ 18 ], the average thickness of this fl ap was 
between 175 and 348 μm. This would hence be beyond the 
conventional thickness expected of the intima. This led the 
researchers to coin the term “intimomedial dissection”. The 
discovery represents somewhat of a paradigm shift in the 
understanding of the pathology. Even more interesting is the 
fi nding that the thinnest part of this dissection often occurred 
at the “shoulder”, somewhat akin to acute atherosclerotic 
plaque rupture at the shoulder of thin capped fi broatheroma. 
The clinical implication of this interesting fi nding has yet to 
be fully established. It is purely hypothesis generating 
whether such thickened fl ap may be related to the thickened 
intimal layer in fi bromuscular dysplasia [ 23 ], further lending 
weight to the potential pathogenetic role of FMD.  

  Intimomedial Dissection in Relation 
to Intramural Hematoma 
 The presence of either a dissection fl ap or spontaneous intra-
mural hematoma is usually suffi cient for the diagnosis of 
SCAD, and these may not be present concomitantly. 
Nevertheless, one may surmise that the fl ap thickness would 
have been beyond the resolution of IVUS and hence the 
exact incidence of the dissection fl ap may have been under-
diagnosed in previous studies. In Alfonso’s series (see 
Table  8.3 ) [ 14 ], the dissection was identifi ed concomitantly 
with intramural hematoma in 7/11 patients (74 %). This 
raises the possibility of two distinct pathogenetic processes. 
First, a dissection fl ap occurs spontaneously, allowing ante-
grade propagation and then the formation of dual lumen, to 
lead to subsequent intramural hematoma. It would therefore 
be logical to expect the luminal compromise to be the worst 
when there is no “exit” fl ap/dissection although this may be 
more a function of the pressure hemodynamics between the 
false and true lumen. Second, a spontaneous hematoma 
occurs within the media, or its interface with either the intima 
or adventitia, and a tubular luminal stenosis results from 
compression of a pressurized hematoma volume, without 
necessarily a dissection fl ap if the pressure within the false 
lumen is relatively low or tolerated, i.e. no rupture into the 
true lumen.  

a

b c d

  Fig. 8.3    Longitudinal cross section of OCT SCAD. Longitudinal cross 
section ( a ) of SCAD lesion. Note in optimally attained images the external 
lamina layer could be well seen ( b, c, d ). Homogenous intramural hema-
toma seen in false lumen (FL), against the compromised lumen in the true 

lumen (TL). Note again different morphology of “intimomedial” dissected 
layer between various segments ( b – d ). Subtle ruptures site ( c ,  arrow ). 
Note    the rupture site is roughly midway longitudinally in the entire length 
of intramural hematoma (Image courtesy of Prof. IK Jang)       
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  Associated Thrombus 
 The incidence of associated thrombus in SCAD has never 
been fully appreciated. OCT has provided unique resolution 
advantage over IVUS. In Alfonso’s 11 patient series (see 
Table  8.3 ) [ 14 ], all 11 patients had associated thrombus on 
their SCAD lesions. In Nishiguchi’s series (see Table  8.3 ) 
[ 12 ], thrombus was only seen with the entry door subtype of 
SCAD but not the false lumen thrombosis type. The differen-
tial incidence is logical as the dissection fl ap type is more 
likely thrombogenic. Whilst OCT has been crucial to identify 
this difference, the exact pathological implication of associ-
ated thrombus remains unknown. It is unclear if SCAD lesions 
with associated thrombus are more prone to ischemia or even 
occlude, and thus maybe more justifi able for percutaneous 
treatment. From Alfonso’s long-term data [ 5 ], it would appear 
conservative treatment, may be preferable to stent placement.  

  Associated Atherosclerosis 
 Several OCT registries (see Table  8.3 ) have examined the 
incidence of co-existing atherosclerosis. Hoshi et al. [ 21 ] pos-
tulated that lipid plaque adjacent to SCAD entry point may be 
responsible for SCAD dissection. The presence of co-existing 
atherosclerosis may have implication on the length of stents 
required or even the likelihood of SCAD recurrence.    

8.6.2     Treatment Guidance in SCAD 

 Whilst the use of OCT in the diagnosis of SCAD is very use-
ful, its role guiding percutaneous treatment in SCAD is 
indispensable. This is particularly in light of recent registries 
demonstrating favourable outcomes in conservative treat-
ment in non-ischemic non-occlusive SCAD [ 5 ,  7 ]. From a 
purely clinical perspective, the use of OCT purely to confi rm 
SCAD some would argue may be redundant: if a conserva-
tive approach is to be pursued regardless and the diagnosis is 
certain with the presence of a radiolucent fl ap. 

 However, PCI in SCAD can often be diffi cult, unsuccessful 
and occasionally complicated by worsening coronary fl ow. If 
PCI is to be undertaken for SCAD lesions, the use of OCT is 
highly recommended. This is far more than purely to confi rm 
the wire position in the true lumen as was once suggested in 
the use of IVUS. If a wire was in the false lumen and an OCT 
catheter had traversed the false lumen, it would very likely 
propagate in the false lumen amongst other problems [ 24 ]. 

 On the contrary, the biggest benefi t of OCT is more related 
to a complete evaluation of the SCAD lesion – its longitudinal 
and circumferential extent, the presence or otherwise [ 22 ] of an 
“entry or exit door”, as well as reference diameters before and 
after the lesion. As discussed previously, OCT can be limited 
by thrombus and intramural hematoma such that the external 
elastic lamina is not well seen compared to IVUS. As shown in 
Fig.  8.3 , whilst the depth of penetration could  sometimes be 

compromised by either overlying thrombus or large intramural 
hematoma, occasionally the longitudinal cross section of the 
SCAD segment can provide very important insights into the 
burden of SCAD disease to be treated percutaneously. There 
have been several case reports [ 24 – 26 ] documenting the com-
plications of PCI in unsuspected SCAD. Indeed, PCI in the 
largest SCAD registry to date showed an unacceptably high 
failure rate even in an experienced center [ 7 ]. 

 Most of the registries suggest when PCI is undertaken for 
SCAD, frequently more than one stent is required. The most 
likely reason is that the stent chosen, whilst apparently suffi -
cient to cover the “angiographic disease”, often leads to 
“squeezing” of the angiographic silent intramural hematoma 
proximally and distally [ 24 ]. This  complication is well 
described even from the IVUS era. Often this propagating 
hematoma is exacerbated by conventional techniques of distal 
to proximal stenting. In situations where there is no proximal 
fl ap or to the main bulk of intramural hematoma, entry door, 
the dire consequence could be therefore ongoing propagation 
in the hematoma. This may even propagate all the way to the 
ostium of an artery if the operator is not cognizant of the vicious 
cycle, especially in arteries denude of signifi cant side branches. 

 There are several strategies to prevent this problem when 
using OCT for guidance. A careful evaluation of the SCAD 
lesion will allow identifi cation of the entry and potentially 
exit door in relation to the lesion, and the length and “vol-
ume” of intramural hematoma. The stenting strategy should 
be determined based on this. 

 Intimal fl ap identifi ed in relation to hematoma – depend-
ing on the location of the intimal fl ap the stenting strategy 
may need to be tailored [ 22 ]. The location of the rupture site/
intimal fl ap seems unpredictable and may be multiple 
(Figs.  8.3  and  8.4 ). One concern of PCI is trapping of hema-
toma after a stent has been placed across the exit/entry door. 
If a fl ap is proximal then the conventional technique of bal-
looning and stenting from distal to proximal can be under-
taken with likely no concern of trapping the hematoma. If the 
fl ap is purely an exit door, then it would be advisable to con-
sider adequate lesion preparation with 1:1 balloon pre- 
dilatation and observe the response of the hematoma on a 
second OCT acquisition. It may be considered the stents are 
placed  proximal to distally  to avoid hematoma propagation 
(Fig.  8.4 ) and squeeze the hematoma distally out of the exit 
door. In addition, the OCT can provide important informa-
tion on the length of stent(s) needed. It’s almost always 
advisable to choose a stent longer than one might measure on 
OCT or angiography. The reason is the hematoma is likely to 
be squeezed and propagated proximally and distally.

   Intramural hematoma only – when no intimal fl ap is iden-
tifi ed at all with the presence of only an intramural hema-
toma, particularly a large and long hematoma, then caution 
needs to be exercised for any stent placement. With nowhere 
for the hematoma to move apart from into side branches, the 
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hematoma is likely to propagate proximally and distally. 
Again, it’s advisable to use a long balloon and mould the 
hematoma and observe whether signifi cant shift and dis-
placement of the hematoma may occur. Such propagation of 
the hematoma with no exit can be dire. It’s therefore advis-
able to use a longer stent than anticipated, and certainly to 
deploy the stent at low to nominal pressure and observe the 
impact on the hematoma. If a signifi cant hematoma shift 
occurs then another stent maybe necessary, it’s advisable to 
avoid 6 or 8 mm short stents as this tends not to be suffi cient 
length to cover the squeezed hematoma in our experience. 

  Long Dissection Flap with No Signifi cant Hematoma 
 Occasionally an extensive dissection may be seen angio-
graphically. In the absence of obvious ischemia and stenosis, 
this may be best treated conservatively. Nevertheless, if the 

patient continues to have symptoms or evidence of ischemia, 
then a relatively short stent may be placed hopefully to tack 
down dissection plane. OCT may be used prior to stent 
placement to select the position most likely to achieve satis-
factory re-apposing the dissection planes, i.e. the area of 
worst displacement between the dissected planes.  

  Assessment of Stent Implantation 
 OCT had been used to assess acute stent implantation out-
comes in conventional coronary artery disease. The experi-
ence of stent assessment in SCAD remains relatively limited. 
Nevertheless, several case reports had demonstrated the 
superiority of OCT in assessing stent apposition as well as 
demonstrating the acute complications from stents in SCAD 
such as hematoma propagation [ 24 – 26 ]. An interesting fi nd-
ing on OCT is that often even when the stent struts are fully 

a e f
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  Fig. 8.4    Using OCT to guide PCI. 41 year-old female with anterior 
STEMI.  Left : angiography after wiring and predilatation with a 2.0 mm 
balloon;  right : angiography showing result after two overlapping stents 
placed with OCT guidance. OCT pre stents demonstrated interesting 
fi ndings: three distinct rupture sites at ( a ,  c  and  d ). ( b ) Frame showing 
signifi cant luminal compression from hematoma. Note different mor-
phology at each rupture site. Note heterogeneous hematoma at the 

ostium of the LAD artery. Stents were placed from the ostium to distal – 
to allow for distal extrusion of hematoma given multiple exit ports, in 
doing so avoid trapping hematoma. OCT post stents: ( e ,  g ) – remark-
ably little residual hematoma. ( f ) Interesting pressurized hematoma 
indenting between stent strut at 2 o’clock. ( h ) Complex intramural 
hematoma covered by struts, but heterogeneity still visible at 11 o’clock       
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apposed to the intima there is small residual hematoma in the 
vessel wall (Fig.  8.2 ).  

 In one case report by Poon et al. [ 24 ] such residual hema-
toma has been shown to disappear on follow up angiography 
and OCT. The trapped hematoma presumably resorbs over 
time as has been shown in angiography. A small circumferen-
tial rim is expected, particularly in the distal segment. One 
should therefore avoid the tendency to completely obliterate 
the circumferential rim of hematoma by continually post dilat-
ing, but rather focus on ensuring strut apposition. Continually 
post dilating to ensure no residual hematoma may likely prop-
agate hematoma in an unfavourable manner, either into side 
branches or worse proximally into important main branches 
such as the left main artery (Fig.  8.4 , Poon et al. [ 24 ]).   

8.7     OCT in SCAD 

8.7.1     When to Avoid: Practical Consideration 

 There are only very few instances where OCT may be rela-
tively contraindicated in SCAD. Particularly, the use of OCT 
in a diffusely dissected small artery with a small residual 
lumen may not be advisable. An example would be a small 
diagonal artery (Fig.  8.1a ) with angiographically defi nite 
SCAD where the incremental yield is questionable but 
potential harm may be caused to the small artery. Indeed, it 
has often been cautioned that OCT may cause harm in a dis-
sected artery although there had been no published literature 
on OCT complication in SCAD lesions, possibly due to pub-
lication bias. It’s generally advisable nevertheless to avoid 
OCT in small calibre arteries, or in distal segments where it’s 
potentially too distal to image. 

 Another potential contraindication may be lesions with 
signifi cant thrombus burden precluding adequate blood 
clearing and OCT analysis. OCT should only be performed 
after satisfactory aspiration with restoration of fl ow.  

8.7.2     Future Potential 

 There remains signifi cant gap in the understanding of 
SCAD. Given the relative infrequency, the interventional com-
munity may need a more collaborative approach to expand the 
collective understanding than the current single center case 
series in the literature. SCAD may be rare, rarer still are centers 
readily capable to perform OCT in such infrequent presenta-
tions in a systematic manner for scientifi cally robust analysis. 

  Pathogenesis 
 There seems different pathological subtypes to SCAD as 
demonstrated on both OCT and IVUS, a spontaneous hema-
toma vs. spontaneous dissection with an intimal or 

 intimomedial fl ap. There does not seem to be signifi cant clini-
cal difference between these two subsets and indeed they may 
represent different time points in a continual disease process 
shown by Nishiguchi et al. [ 12 ]. Whilst the method of percu-
taneous treatment may differ between the two, more OCT 
data on the differing presentation and outcome between the 
two subsets may provide signifi cant insights.  

  Pathogenesis – FMD 
 Given the purported association of the two conditions, the 
OCT appearance of “FMD-SCAD” is yet to be defi ned. Saw 
et al. [ 23 ] published interesting fi ndings of FMD OCT, with 
fi brotic thickening of the intima, which seemed to correlate 
with the thickness of the intimo-medial dissection fl ap. 
Whether FMD is a pathogenetic compoenent or a mere a 
association remains to be further evaluated.  

  Conservative Treatment 
 There may be OCT fi ndings which may favour a more con-
servative treatment approach as opposed to stenting. Examples 
may be the thrombotic burden, circumferential extent of dis-
section fl ap, signal intensity of hematoma, etc., some purely 
hypothetical factors which may predict the success or other-
wise of conservative treatment.  

  Bare Metal Stents, Drug Eluting Stents, or Others 
 It remains unknown the ideal stent to use in such non- 
atherosclerotic lesions. It would be an interesting idea to 
even just perform balloon angioplasty to restore luminal 
patency, guided by OCT, and obviate the need to stent if 
 suffi cient lumen is restored. It remains unclear how SCAD 
lesions respond to stent placement, and how issues such as 
restenosis may be different in stented SCAD lesions.  

 Some commentators favour the use of short BMS to tack 
down the dissection fl ap, minimize the stent length, rather 
than stenting the entire intramural hematoma segment. 
Others favour the choice of stent to be guide by traditional 
factors particularly the length of lesion, which commonly 
means long DESs are needed, and occasional multiple stents. 
There is extremely limited medium to long-term data on 
stent outcome in SCAD (Fig.  8.2 ). A report by Poon et al. 
[ 24 ] suggested that at 6 months the DES was fully endothe-
lized as would be expected and residual hematoma was com-
pletely resorbed. Perhaps the most exciting hypothesis is the 
use of bioabsorbable scaffold in SCAD, an attractive idea for 
generally young SCAD patients. There is to date no such 
reported use, and the thicker strut and deliverability of such 
stents may pose challenges in SCAD lesions. 

  Follow Up 
 There is as yet no long-term OCT follow-up of SCAD 
lesions, whether treated with stents or conservatively 
(Fig.  8.2 ). This is probably a very important area as whilst 
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there is a general trend nowadays for conservative treatment 
if possible, it remains unclear why some patients represent 
with SCAD, if there are in-vivo characteristics that may pre-
dispose to recurrence. Similarly there is also very limited 
data on the long-term outcome of various stents in SCAD 
and whether stents may respond completely differently in 
non-atherosclerotic lesions.    

    Conclusion 

 Often a “triumphant” but elusive diagnosis, over the past 
decades, SCAD has been extensively reported in a large 
body of namely case reports and case series. Despite 
these, SCAD remains poorly understood a disease pro-
cess. The pathogenesis remains poorly defi ned despite the 
stereotypical clinical characteristics. Despite these recog-
nized associated factors, SCAD can still be misdiagnosed 
on angiography. OCT may be the key for further insights 
in SCAD with its revolutionary resolution allowing in-
vivo detailed assessment. It has already been shown to 
better the diagnostic accuracy over angiography and even 
IVUS in small studies. Its bigger clinical role however 
may be in the guidance for percutaneous treatment, by 
revealing the intimomedial dissection location, the longi-
tudinal extent of the intramural hematoma, as well as 
assessing complications and adequacy of percutaneous 
treatment. Aside from clinical applications, the most 
promising potential application for OCT in SCAD may 
yet be its research application in this poorly known entity. 
OCT has already contributed signifi cantly in furthering 
the understanding on this disease suggesting similarity 
between FMD and SCAD intimomedial dissection fl ap. A 
multicenter collaborative initiative may be worthwhile in 
capturing this often-missed diagnosis.     
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9.1         Introduction 

 Although    a drug-eluting stent has an inhibitory effect on inti-
mal hyperplasia compared with a bare metal stent, early and 
late stent failure, including in-stent restenosis and stent throm-
bosis, are still concerns. Many clinical studies of unselected 
populations have reported a rate of restenosis greater than 
10 % following procedure [ 1 – 3 ]. In addition, recent registry 
data suggested that the rate of late stent thrombosis was 0.6 % 
per year and steadily increased to 3 % over 4 years in patients 
treated with fi rst-generation drug- eluting stents [ 4 ,  5 ]. 

 Procedural factors such as stent underexpansion and 
infl ow/outfl ow tract disease are the primary cause of early 
stent thrombosis, while biological mechanisms are involved 
in stent thrombosis in the later phase. Late stent thrombosis 
may be related to delayed arterial healing with incomplete 
stent coverage and associated with late stent malapposition 

[ 6 – 8 ]. In addition, characterization of neointimal tissue is 
important to the understanding of the pathophysiologic 
mechanisms of stent failure. 

 With its excellent resolution, catheter-based optical coher-
ence tomography (OCT) has been useful for precisely assess-
ing both native and stented coronary arteries in various 
clinical conditions. OCT has a unique value in identifying 
the presence of strut coverage and in detecting mild degrees 
of neointimal proliferation that may represent a surrogate 
marker of stent safety and effi cacy. Moreover, OCT has been 
used to identify the underlying mechanisms of early and late 
stent thrombosis and restenosis. Thus, this chapter focuses 
on early stent evaluation (within 1 year) with the use OCT.  

9.2     Quantitative and Qualitative Stent 
Measurements 

 Neointimal thickness is defi ned as the distance between the strut 
and luminal surface of neointima and is measured inside all 
struts as a line perpendicular to the neointima and the strut [ 9 ]. 
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Struts are termed ‘ covered’  by OCT when intimal tissue can be 
detected above the struts, while struts are ‘ uncovered’  when no 
intimal tissue is identifi ed above the struts. Thus, an uncovered 
strut is defi ned as a strut with neointimal thickness = 0 μm. The 
ratio of malapposed (or uncovered) struts is calculated as the 
number of malapposed (or uncovered) struts divided by the total 
strut number in all sections of the lesion. Even though OCT can 
measure the tissue overlying a strut, clinical implication of the 
OCT-measured strut coverage thickness that is allowed by the 
axial resolution of the OCT system remains unclear. 

 Consensus OCT quantitative stent measurements are par-
allel to the JACC IVUS Consensus Document, and are partly 
modifi ed [ 10 ]. Stent cross-sectional area (CSA) is the area 
bounded by the stent border; Minimum stent diameter is the 
shortest diameter through the center of the stent; Maximum 
stent diameter is the longest diameter through the center of 
the stent; Stent eccentricity is calculated as the difference in 
diameter length between the maximal stent diameter and the 
minimal stent diameter, divided by the maximal stent diam-
eter. Stent and lumen CSAs are measured, and the neointmal 
CSA is calculated as the difference between stent CSA and 
lumen CSA. The percentage of intimal hyperplasia is calcu-
lated as [neointimal CSA/ stent CSA × 100]. 

 The stent surface is designated as being located at the cen-
ter of the stent strut blooming. Strut malapposition distance 
is measured as the distance between the abluminal surface of 
the strut and the luminal surface of vessel wall. Stent malap-
position is defi ned as the maximal distance (from the stent 
surface to the lumen contour) which is greater than the total 
thickness of the stent strut and polymer or spatial resolution 
of OCT [ 10 ,  11 ]. 

 Strut-level analysis is classifi ed into the following catego-
ries: covered-embedded, covered-protruding (into the lumen 

but covered), uncovered-apposed, and malapposed (Fig.  9.1 ), 
[ 11 ,  12 ]. A semi-automated stent contour algorithm applies 
360 radial chords for detailed quantifi cation of neointimal 
thickness at every degree of the cross section (Fig.  9.2 ).

9.3         OCT Findings During PCI 

 With parallels to IVUS predictors of stent failure, OCT is 
useful for precisely assessing stent expansion and edge prob-
lems. In addition, OCT is more benefi cial for detecting even 
minor degrees of strut malapposition, tissue prolapse, throm-
bus, and edge dissections as compared to intravascular ultra-
sound (IVUS) [ 13 ]. Therefore, OCT helps us understand the 
underlying pathophysiology of coronary artery disease and 
to make better clinical decisions. 

9.3.1     Thrombus 

 Thrombi in target lesions can protrude between stent struts. As 
previously described in native coronary lesions, thrombi can 
be classifi ed as red, white and mixed forms by using OCT.  

9.3.2     Tissue Protrusion 

 Plaque or thrombus protrusion is defi ned as the projection of 
tissue into the lumen between stent struts. On OCT, plaque 
protrusion is characterized by a smooth surface without sig-
nal attenuation, whereas thrombus protrusion appears as an 
irregular surface associated with signifi cant signal attenua-
tion [ 14 ]. Tissue protrusion is more frequently observed in 

a b c

  Fig. 9.1    Classifi cation of strut apposition by OCT. ( a ) Embedded struts ( arrows ), ( b ) protruding-covered struts ( arrows ), ( c ) protruding- uncovered 
( arrows ) and malapposed struts ( arrow heads )       
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the culprit lesion of acute coronary syndrome, because the 
stent is likely placed over the unstable lesion containing 
thrombi, lipid-rich tissue or necrotic core. Sometimes, it may 
be diffi cult to differentiate tissue prolapsed from other patho-
logic conditions such as thrombus, neointima, intimal or 
intra-stent dissection. A signifi cant relationship between 
OCT-detected tissue protrusion and stent failure has not been 
demonstrated [ 15 ].  

9.3.3     Dissection 

 Dissections are frequently seen especially at the edge of a 
stent. Compared to IVUS, OCT more sensitively detects 
even small dissections [ 14 ]. Gonzalo et al. evaluated OCT- 
defi ned plaque types at stent edges that were related to edge 
dissection. Edge dissection was more common at distal than 
at proximal portions. Distal edge dissection was more fre-
quently occurred when the plaque type at the edge was fi bro-
calcifi c (43.8 %) or lipid-rich (37.5 %) than when the plaque 
was fi brous (10 %) (P = 0.009), [ 15 ]. Kume et al. evaluated 
the natural history of stent edge dissection detectable only on 
OCT (not on IVUS) [ 16 ]. The lesions with OCT-dissection, 
detected only by OCT, showed relatively short maximal 
length of dissection and were mostly healed without resteno-
sis or thrombus formation at follow-up (median 188 days). 
When there is no narrowing of the true lumen, an additional 
procedure may not be recommended for the treatment of dis-
section. Moreover, acute stent complications such as tissue 
protrusion, and incomplete stent apposition that were detect-
able only by OCT, tended to be smaller than those seen on 
both OCT and IVUS. The majority of OCT-detected minor 
complications healed or were resolved at follow-up.   

9.4     OCT Versus Intravascular Ultrasound 
for Stent Assessment 

 Even though IVUS has been the standard imaging tool for 
the assessment of coronary stents, its poor resolution has 
limited its evaluation of the morphology of stented lesions. 
Conversely, OCT has a resolution of 10–20 μm which is 
much better than IVUS. 

 When a small degree of in-stent neointima was histo-
logically defi ned as occupying <30 % of the stent area, 
diagnostic accuracy of OCT for detecting the small degree 
of neointima (area under the receiver operating characteris-
tic curve = 0.967, 95 % confi dence intervals = 0.914–1.019) 
was higher than that of IVUS (area under curve = 0.781, 
95 % confi dence intervals = 0.621–0.838) [ 17 ]. The data 
suggested that OCT is more accurate for identifying neo-
intimal  coverage of stent struts. As determined by OCT, 
the optimal cutoff value of the percent of neointimal hyper-
plasia to be detected by IVUS was >14.7 %, (sensitiv-
ity = 0.887, specifi city = 0.790) [ 18 ]. For the assessments of 
neointimal morphology, OCT and IVUS showed a moder-
ate correlation, while approximately 30 % of the lesions 
showed a discrepancy. 

 As compared to time-domain OCT, frequency-domain 
OCT system has higher frame rates that allow faster pull-
back speeds. As a result, frequency-domain OCT showed a 
shorter procedural time (3.2 ± 0.8 min vs. 11.2 ± 2.5 min, 
 p  < 0.01) and a higher acquisition rate of clear images 
(99.4 % vs. 80.8 %,  p  < 0.01) than those of time-domain 
OCT [ 19 ]. Frequency-domain (FD) OCT also showed bet-
ter detection of incomplete stent apposition (malapposi-
tion) or uncovered strut compared with IVUS [ 20 ,  21 ]. 
Immediately post-PCI, in-stent minimal lumen areas 

a b c

  Fig. 9.2    Strut level analysis including qualitative assessment for strut 
coverage and quantitative measurement. ( a ) Heterogeneity of strut cov-
erage ( C–N  refer to labeled struts): covered struts ( E–G ), uncovered 
apposed struts ( H–J ), and malapposed struts ( K – N ,  C, D ). ( b ) Automatic 

lumen and stent detection: stent struts ( green dots ) and lumen contour 
( red line ). ( c )Magnifi cation of the automatic 360° chord system, applied 
between the stent and lumen contours (From Bezerra et al. [ 12 ])       
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(MLAs) were similar between FD-OCT and IVUS. However, 
both FD-OCT and time-domain- OCT detected smaller 
MLAs at follow-up than did IVUS, probably due to the bet-
ter detection of neointimal hyperplasia by OCT [ 20 ]. Post-
PCI malapposition and tissue prolapse were more frequently 
identifi ed by OCT which generates similar reference lumen 
dimensions but higher degrees of disease severity and inti-
mal hyperplasia as well as better detection of malapposi-
tion and tissue prolapse compared with those of IVUS [ 9 ]. 
When compared with histology, the correlation of mini-
mum neointimal thickness was inferior in IVUS (R 2  = 0.39) 
than that in OCT (R 2  = 0.67) [ 21 ]. Similarly, IVUS showed 
a weak correlation of the ratio of uncovered to total stent 
struts per section (R 2  = 0.24), whereas OCT was superior 
(R 2  = 0.66). In a more detailed analysis, OCT identifi cation 
of individual uncovered struts demonstrated a sensitivity of 
77.9 % and a specifi city of 96.4 % [ 20 ].  

9.5     Strut Coverage 

 After stent implantation, intimal hyperplasia is considered a 
wound healing process following vascular injury [ 22 ]. Anti- 
proliferative drugs inhibit the migration and proliferation of 
smooth-muscle cells that result in delayed arterial healing 
and uncovered struts of drug-eluting stents [ 23 ,  24 ]. 

 The low axial resolution of IVUS (100–150 μm) and fre-
quent artifacts around stent struts, preclude IVUS as the 
proper modality for a precise assessment of vascular micro-
structures, such as thin layers of neointima over the struts. 
Conversely, the high-resolution properties of OCT can detect 
histologically defi ned minor structures and quantifi cation of 
thin neointima overlying struts. Strut coverage thickness can 
be measured as the distance between the luminal surface of 
the covering neointima and the luminal surface of the strut. 

 Strut-level analysis with an accurate assessment and 
quantifi cation of neointimal coverage over stents has been 
adopted as a surrogate end point in numerous clinical trials 
of DES and as an important parameter for the safety profi le 
of drug-eluting stents and the approval of new drug-eluting 
stent technologies. 

 OCT has been validated as a reliable and reproducible 
method for assessing neointimal formation and strut cover-
age. Prati et al. reported on the capacity of OCT for assessing 
arterial healing after stenting [ 25 ]. The histological and OCT 
measurements of mean neointimal thickness were similar 
and closely related (r = 0.85, p < 0.001) to an excellent intra- 
and interobserver reproducibility of OCT measurements 
(r 2  = 0.90 and 0.88, respectively). Murata et al. showed that 
there was a high correlation between OCT and histology in 
the evaluation of neointimal area (r 2  = 0.804), luminal area 
(r 2  = 0.825) and neointimal thickness (r 2  = 0.789) [ 26 ]. These 
results were independent of the stent type. In the ODESSA 

trial [ 27 ], OCT was more sensitive to a small amount of neo-
intimal hyperplasia compared to IVUS. However, OCT has 
not yet visualized the endothelium.  

9.6      In Vivo  OCT Data for Stent Coverage 

 Strut coverage patterns and the degrees of intimal hyperpla-
sia have varied amongst different types of drug-eluting 
stents. For the fi rst generation drug-eluting stents, a previous 
study reported that only 16 % of sirolimus-eluting stents 
showed complete coverage at 6 months post-intervention 
[ 24 ]. Kim et al. demonstrated that the incidence of com-
pletely covered stents at 9 months follow-up was 29.6 % for 
paclitaxel-eluting stents and 9.1 % for sirolimus-eluting 
stents [ 28 ]. Uncovered struts were frequently observed in 
sirolimus-eluting stents, whereas the pattern of neointima 
was more heterogeneous in paclitaxel-eluting stents. 

 Newer generation drug-eluting stents have been devel-
oped using a more advanced strut platform, polymer, and 
new anti-proliferative agents. The frequency of uncovered 
struts as well as malapposed struts was signifi cantly lower in 
zotarolimus-eluting stents than in sirolimus-eluting stents 
(0.3 % vs 12.3 %, p < 0.001 and 0.1 % vs. 2.6 %, p < 0.001) 
[ 29 ]. Resolute zotarolimus-eluting stents also showed higher 
rates of strut coverage than sirolimus-eluting stents at 
9 months follow-up [ 30 ]. The percentage of uncovered struts 
and malapposed struts at 9 months after resolute zotarolimus- 
eluting stent implantation was only 4.4 ± 4.8 % and 
0.1 ± 0.4 %, respectively, which was signifi cantly lower than 
that seen in sirolimus-eluting stents. Intracoronary thrombus 
was less frequently detected in lesions treated with resolute 
zotarolimus-eluting stents than in sirolimus-eluting stents at 
the 9-month follow-up. Everolimus-eluting stents also 
showed better vascular responses compared to sirolimus- 
eluting stents [ 31 ]. The percentage of uncovered struts was 
signifi cantly smaller in the lesions with everolimus-eluting 
stents than that in lesions with sirolimus-eluting stents 
(4.4 ± 4.7 % vs. 10.5 ± 12.7 %, P = 0.016, respectively). There 
was no signifi cant difference in the percentage of malap-
posed struts between the two groups (0.4 ± 0.8 % in 
everolimus- eluting stents vs. 1.7 ± 4.5 % in sirolimus-eluting 
stents, P = 0.344). Biolimus-eluting stents with the unique 
property of a biodegradable polymer and abluminal coating 
showed more frequent OCT-defi ned strut coverage compared 
to sirolimus-eluting stents at 9 months [ 32 ]. 

 With regard to clinical outcomes, delayed neointimal heal-
ing of implanted stents was associated with the occurrence of 
late stent thrombosis. The ratio of uncovered to total stent 
struts per section >30 % was related to stent thrombosis (odds 
ratio 9.0, 95 % confi dence intervals 3.5–22) [ 25 ]. Moreover, 
the length of an uncovered stent strut segment was signifi -
cantly associated with stent thrombosis [ 33 ]. In a recent OCT 
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study, independent predictors for major adverse cardiac 
events were post-intervention minimal lumen diameter (odds 
ratio 0.019, 95 % CI = 0.001–0.513, p = 0.018) and the per-
centage of uncovered struts ≥5.9 % (odds ratio 19.781, 95 % 
CI = 2.071–188.968, p = 0.010) [ 34 ]. A greater percentage of 
uncovered struts ≥5.9 % as the cut-off value was signifi cantly 
associated with a high rate of major adverse cardiac events 
after DES implantation. More favorable biological properties 
and vascular responses may contribute to greater clinical 
safety, which possibly explains the less frequent stent throm-
bosis after newer generation drug-eluting stent implantation 
as well as after biolimus-eluting stents, compared to the older 
generation drug-eluting stents [ 35 ,  36 ].  

9.7     Malapposition 

 In IVUS studies, incomplete stent apposition is defi ned as a 
separation of at least one stent strut from the intimal surface 
of the arterial wall that is not overlapping a side branch, and 
has evidence of blood fl ow behind the strut [ 37 ]. Apposition 
of the stent struts to the vessel wall can be seen using OCT 
by way of its high resolution and capability to identify the 
tissues surrounding the struts. Malapposed stent struts seen 
on OCT are defi ned as the distance between the strut marker 
and the lumen contour greater than the strut thickness plus 
the polymer (if present) and the axial resolution of OCT [ 10 ]. 
Thus, the defi nitions of malapposed struts differ depending 
on the type of coronary stent and in turn, the thickness of 
struts and the applied polymer. For the various types of drug- 
eluting stents, malapposed stent struts have been defi ned as 
the struts with detachment from the vessel wall that is: 
≥160 μm for sirolimus-eluting stents (Cypher Select™, 
Cordis, Miami Lake, FL, USA), ≥130 μm for paclitaxel- 
eluting stents (TaxusLiberte™, Boston Scientifi c, Natick, 
MA, USA), ≥110 μm for zotarolimus-eluting stents 
(Endeavor™ and Resolute™, Medtronic, Santa Rosa, CA, 
USA), ≥100 μm for everolimus-eluting stents (Xience™, 
Abbott Vascular, Santa Clara, CA, USA), and ≥130 μm for 
biolimus-eluting stents (Nobori™, Terumo Corporation, 
Tokyo, Japan or BioMatrix™, Biosensors Interventional, 
Singapore) [ 30 ,  31 ,  38 ]. Apposition can be described on a 
per-strut, per–cross-sectional area and on a per-stent basis. 

 With the better resolution, OCT provides a more accurate 
visualization of stent struts with a small malapposition which 
is detected by OCT but not by IVUS. As neointimal tissue 
proliferates over time, the majority of malapposed struts usu-
ally disappears or decreases on the follow-up OCT, espe-
cially when the malapposition was small [ 38 – 40 ]. The 
percent of malapposed struts signifi cantly decreased from 
12.2 ± 11.0 % post-stent to 1.0 ± 2.2 % at the 6-month follow-
 up (P < 0.001). In those lesions with minimal malapposition, 
there was a signifi cant decrease in the mean extra-stent 

malapposition area from 0.35 ± 0.16 mm 2  post-stent to 
0.04 ± 0.11 mm 2  at follow-up (P < 0.001) [ 38 ]. 

 On the other hand, there are persistent malappositions and 
newly developed late stent malappositions detected at follow-
 up. A recent study showed that 11 % of the struts with acute 
malapposition remained malapposed at 8-month follow- up 
[ 40 ]. The mean distance between the strut and the vessel wall 
of persistent malapposed struts on post-stenting OCT images 
was signifi cantly longer than that of resolved malapposed struts 
(342 ± 99 μm vs. 210 ± 49 μm; p < 0.01). Based on receiver-
operating characteristic curve analysis, the distance between 
strut and the vessel wall ≤260 μm seen on post-stenting OCT 
images was the best cut-off value for predicting resolved 
malapposed struts (sensitivity: 89.3 %, specifi city: 83.7 %, area 
under the curve = 0.884). Coverage of the incomplete stent 
apposition and nonapposed side- branch struts is delayed with 
respect to well-apposed struts in drug-eluting stents, as assessed 
by OCT at the 9–13 months follow-up after drug-eluting stent 
implantation [ 41 ]. Kim et al. reported that the lesions with the 
median value of the percentage of malapposed struts ≥1.3 % 
showed a signifi cantly larger percentage of uncovered struts 
compared to those with malapposed struts <1.3 % or without 
malapposition [ 42 ]. There was a signifi cant correlation between 
malapposed and uncovered struts in lesions with malapposed 
struts ≥1.3 % (r = 0.393, p = 0.016), while no relationship was 
found in the lesions with minimally malapposed struts <1.3 % 
(r = −0.007, p = 0.965). A recent OCT analysis showed that the 
percentage of uncovered struts at 6 months varied signifi cantly 
with post-stent strut apposition (i.e. 0 % [0, 11.4 %] in embed-
ded, 16.3 % [8.1, 31.3 %] in apposed, and 26.8 % [0, 56.3 %] 
in malapposed, p < 0.001) [ 43 ]. The data suggested that OCT-
guided optimization of stent strut apposition enhances the strut 
coverage seen at follow-up.  

9.8     OCT Characteristics of Neointima 

 In-stent neointima containing smooth-muscle cells and 
proteoglycan- rich extra-cellular matrices represented various 
patterns of OCT characteristics, such as homogenous, hetero-
geneous and layered patterns [ 42 ]. Figure  9.3  demonstrated 
various vascular responses on follow-up OCT images. 
Nakano et al. suggested that the important morphological fea-
tures refl ecting fi brin accumulation, excessive infl ammation 
(hypersensitivity) and in-stent atherosclerosis were character-
ized by OCT [ 21 ]. However, the similarly dark appearance of 
these tissues did not allow for precise discrimination for the 
tissue compositions. Even though heterogeneous or layered 
patterns of neointima were more likely to be seen in reste-
notic lesions than in non-restenotic lesions [ 44 ], the clinical 
implications of the diverse features remain unclear. The rela-
tionship between the signal intensity of OCT and the tissue 
composition of the restenotic lesions is not yet known.
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9.9        In-stent Neoatherosclerosis 

 Histopathologic studies have suggested that neointimal com-
ponents following drug-eluting stent implantation were simi-
lar to those in bare metal stent lesions in that the neointima 
was mainly composed of smooth-muscle cells with 
proteoglycans- rich extracellular matrices [ 45 ]. In the early 
phase, neointimal tissue seems to be benign. Nevertheless, there 
is emerging evidence suggesting that chronic infl ammation 

and/or incompetent endothelial function induce late de-novo 
neoatherosclerosis inside both bare metal and drug- eluting 
stents, which may be an important mechanism to in- stent 
restenosis and late stent thrombosis. 

 Nakazawa et al. [ 46 ] reviewed autopsy cases from the 
CVPath (Gaithersburg, Maryland) stent registry and com-
pared 66 Sirolimus-eluting stent lesions to 77 bare metal 
stent lesions where they discovered that neoatherosclerotic 
changes including the presence of lipid-laden, foamy 

a b

c d

  Fig. 9.3    Variousneointimal characteristics after drug-eluting stent implantation. ( a ) Uniform stent coverage and homogenous pattern of neo-
intima, ( b ) heterogenous pattern of neointima, ( c ) layered pattern of neointima, ( d ) lipid-rich neointima with thin-cap fi broatheroma ( arrows )       
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macrophages, was more frequently identifi ed in the drug-
eluting stent lesions than in the bare metal stent lesions (35 % 
vs. 10 %, p < 0.001). The earliest atherosclerotic change with 
foamy macrophage infi ltration began 4 months after drug- 
eluting stent implantation, while the same change in bare 
metal stent lesions occurred more than 2 years later and 
remained a rare fi nding until 4 years following stent implanta-
tion. Another observation also demonstrated that the inci-
dence of neoatherosclerosis was greater in drug-eluting stent 
lesions (31 %) than in bare metal stent lesions (16 %) and the 
median stent duration with neoatherosclerosis was shorter in 
drug-eluting stents compared to bare metal stetns (420 days 
[361–683 days] vs. 2,160 days [1,800–2,880 days]) [ 47 ]. 
These observations indicate that neoatherosclerosis is more 
frequent in drug-eluting stents and occurs earlier than in bare 
metal stent, most likely due to the different pathogenesis.  

    Conclusion 

 With the excellent resolution, OCT allows us to precisely 
assess minor degrees of neointimal proliferation, malap-
position and strut coverage that may represent a surrogate 
marker of stent safety and effi cacy. OCT also provides 
important insights of underlying mechanisms of early and 
late stent failure. With regard to the morphological fi nd-
ings that can be detected only by OCT (not by IVUS), 
clinical impacts need to be more clarifi ed.     
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     Optical coherence tomography (OCT) is the most useful 
intravascular modality for evaluating the pathology of the 
coronary artery before and after stent implantation [ 1 – 3 ]. 
Compared to intravascular ultrasound (IVUS), OCT can pro-
vide 10 times higher resolution for visualizing vascular 

structures and the stent more clearly [ 4 ,  5 ]. Several investiga-
tions have indicated that OCT is more accurate than IVUS in 
evaluating neointimal tissue and apposition after coronary 
stent implantation [ 3 ,  4 ,  6 ]. In the preclinical and clinical set-
ting, OCT is the established intravascular modality for 
assessing the healing status of coronary stents specifi cally 
with regard to the stent strut coverage,  malapposition and 
characteristics of neointimal tissue [ 6 – 8 ]. In previous stud-
ies, incomplete neointimal healing after stent strut was the 
sole pathologic determinant for late stent thrombosis in 
patients treated with drug-eluting stent (DES) [ 9 ,  10 ]. Several 
observational OCT studies have suggested that stent strut 
coverage and the neointimal characteristics defi ned by OCT 
are associated with late stent thrombosis after DES implanta-
tion [ 11 ,  12 ]. Therefore, late stent changes may be a crucial 
development to be evaluated by OCT and will be further dis-
cussed in this chapter. 
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10.1     Stent Strut Coverage 

 DES are currently the standard treatment modality for 
patients with symptomatic coronary artery disease [ 13 ,  14 ]. 
However, incomplete neointimal coverage is regarded as an 
important pathologic parameter of late stent thrombosis in 
patients treated with DES implantation [ 9 ]. 

 OCT has a resolution of 10–20 μm, which is about 
10 times higher than that of IVUS (80–120 μm) and is there-
fore able to detect neointimal tissue  in vivo  [ 5 ,  15 ]. Several 
validation studies have shown that OCT is more accurate in 
evaluating neointimal tissue after coronary stent implanta-
tion than intravascular ultrasound [ 2 ,  6 ]. Compared to IVUS, 
OCT showed better diagnostic accuracy for detecting a small 
degree of in-stent neointima, which was defi ned as occupy-
ing <30 % of the stent area measured with histology [ 6 ]. The 
optical cutoff value of percent neointimal hyperplasia (NIH) 
cross-sectional area (CSA) for detecting NIH by IVUS was 
14.7 %; OCT-measured neointimal tissue of percent NIH 
CSA <14.7 % cannot be detected with IVUS [ 4 ]. 

 Moreover, our previous observation clearly demonstrated 
the limitations of IVUS resolution by directly comparing the 
rate of strut coverage assessed by OCT versus IVUS in the 
same stents (25.8 % with IVUS vs. 99.9 % with OCT) [ 16 ]. 

 Neointimal formation is considered a general wound heal-
ing response that occurs in vascular tissue after stent implanta-
tion [ 17 ]. The neointimal proliferative response to injury with 
stent implantation is caused by the interaction of platelet-fi brin 
thrombus and smooth muscle cells, release of mitogens, fol-
lowed by the secretion of an extracellular matrix [ 17 ]. 

 This response generally occurs in three temporal phases: 
infl ammation (platelet aggregation and infl ammatory cell 
infi ltration), granulation (migration and proliferation of endo-
thelial cells, fi broblasts or smooth muscle cells) and extracel-
lular matrix remodeling (production of an extracellular matrix 
including proteoglycan from fi broblasts and smooth muscle 
cells) [ 17 ]. Through these processes, it is well known that the 
neointima completely covers the stent for bare metal stents 
(BMS) around 1 month after stent implantation and excessive 
neointimal formation results in in-stent restenosis (ISR) [ 18 ]. 
This fi nding was also shown in OCT examination, which dem-
onstrated complete stent strut coverage in BMS in both the 
early and late periods, irrespective of clinical presentation 
(Table  10.1 ) [ 19 – 22 ]. DES remarkably reduced the rate of ISR 
and subsequent target lesion revascularization (TLR) [ 13 ,  14 ]. 
However, excessive inhibition of neointimal formation and 
induction of vascular infl ammation caused delayed vascular 
healing with incomplete endothelialization and thrombus for-
mation, which has been associated with an increased risk of 
late stent thrombosis (LST) [ 23 ,  24 ].

   The incomplete stent coverage was frequently observed 
in several OCT investigations within 12 months after the 1st 
generation DES including sirolimus- (SES, Cypher Select™, 
Cordis, Miami Lake, FL, USA) and paclitaxel- eluting stent 

(PES, Taxus Liberte TM , Boston Scientifi c, Natick, MA, USA) 
(see Table  10.1 ) [ 21 ,  22 ,  25 – 27 ]. These fi ndings support the 
current guideline that patients treated with 1st-generation 
DES receive dual anti-platelet therapy (aspirin and 
 clopidogrel) for at least 12 months. To enhance the stent 
healing process and resolve the safety concerns of 1st 
 generation DES, new-generation DES have been developed 
with thin strut platform, biocompatible polymer and an opti-
mal dose of anti-proliferative drugs [ 16 ,  20 ,  26 ,  28 – 30 ]. 

 Table  10.1  summarizes the rate of stent strut coverage of 
various DES and BMS in each period after stent implantation 
(Fig.  10.1 ). Comparing SES and PES at 9 months, the frequency 
of uncovered strut was signifi cantly higher in SES (12.5 ± 15.2 
vs. 4.9 ± 7.9 %, p = 0.01) [ 27 ]. For the early period group at 
3 months, the follow-up OCT data revealed that 15 % of stent 
struts were uncovered with neointima in SES [ 25 ]. Endeavor 
zotarolimus-eluting stents (E-ZES, Endeavor TM , Medtronic, 
Santa Rosa, CA, USA) have been developed to resolve the 
safety issue, by adding a cobalt chromium based thin-strut 
with a phosphorylcholine biocompatible polymer and a shorter 
drug elution time (within 2 weeks) [ 31 ]. Compared to SES, 
the coverage of Endeavor ZES was almost complete irrespec-
tive of clinical presentation at 6–9 months [ 20 ,  22 ,  26 ]. The 
ODESSA (Optical Coherence Tomography for Drug-Eluting 
Stent Safety) study showed that ZES had a signifi cantly lower 
incidence of uncovered stent struts than SES at both the over-
lapping and non-overlapping sites (0.02 vs. 5.8 % in overlap-
ping sites and 0.01 vs. 6.0 % in non-overlapping sites) [ 22 ]. 
Furthermore, our observation showed that most stent struts 
(99.9 %) in Endeavor ZES were covered with neointima and 
were well-apposed at 3 months [ 16 ]. Other 2nd generation 
DES were developed to improve the safety concerns while 
maintaining the effi cacy of 1st generation DES. Everolimus- 
eluting stents (EES, Xience TM , Abbott Vascular, Santa Clara, 
CA, USA) and Resolute zotarolimus-eluting stents (R-ZES, 
Resolute TM , Medtronic, Santa Rosa, CA, USA) are a cobalt 
chromium-based thin strut stent with a biocompatible poly-
mer (Biolinx polymer in R-ZES and Fluorinated copolymer in 
EES) and a reduced dosage of drug [ 29 ]. EES and R-ZES also 
showed higher rates of strut coverage than SES at 9 months 
but were comparable [ 29 ]. The early stent strut coverage 
based on serial OCT evaluations was comparable between 
ZES-R and EES at 3 months (EES vs. ZES-R: 4.7 ± 5.1 vs. 
6.2 ± 6.9 %, p = 0.62) [ 30 ]. The presence of permanent poly-
mers of 1st generation DES is thought to be responsible for 
a hypersensitivity reaction which might cause incomplete re-
endothelialization [ 32 ]. To overcome these issues, the devel-
opment of new-generation DES utilizing a biodegradable 
polymer has been introduced. Biolimus- eluting stents (BES, 
Nobori TM , Terumo Corporation, Tokyo, Japan or BioMatrix TM , 
Biosensors Interventional, Singapore) have the unique prop-
erty of a biodegradable polymer with an abluminal drug coat-
ing. A recent OCT study comparing SES demonstrated that 
OCT-defi ned coverage of BES was greater than that of SES at 
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6–9 months [ 33 ]. Serial assessment of stent strut coverage and 
malapposition may provide further insight into understanding 
clinical situations (Fig.  10.2 ). In serial observations of BES 
and SES between 3 and 12 months, both BES and SES showed 
a high percentage of incomplete strut coverage without any 
signifi cant changes at 3 months. However, BES showed a sig-
nifi cantly lower percentage of uncovered struts at 12 months 
compared to SES [ 34 ]. This was achieved by improved strut 
coverage from 3 to 12 months. Another study assessed the 
serial changes between 9 and 2 years and showed that the per-
centage of uncovered struts signifi cantly decreased from 4.4 % 
at 9 months to 2.3 % at 2 years (p < 0.001) [ 35 ]. Completely 
covered lesions were also more frequently observed at 2 years 
(44.7–59.2 %, p = 0.07), although approximately half of 
the stented lesions were still not completely covered during 

extended follow-up [ 35 ]. Based on these observations, strut 
thickness may be a crucial factor to stent struts coverage dur-
ing the early period (3–6 months).

    For the clinical manifestation, the pattern of neointimal 
coverage after DES implantations were different between 
acute coronary syndrome (ACS) including ST elevation 
myocardial infarction (STEMI) and stable angina pectoris 
(SAP), and variable among the DES types between two 
groups [ 36 – 38 ]. Therefore, the current study suggests that 
the vascular response after DES implantation might be infl u-
enced by both clinical presentation and the type of DES. 

 The next task is in the application of these fi ndings to a 
real clinical situation. A recent autopsy study revealed that 
delayed and incomplete neointimal coverage of DES was 
associated with occurrence of late stent thrombosis; the 

a

b

  Fig. 10.1    Representative images of stent strut coverage. Optical coher-
ence tomography showed the complete stent strut coverage at 12 months 
after everolimus eluting stent implantation ( arrows ) ( a ) and incomplete 

stent strut coverage with frequent detected uncovered struts at 3 months 
after biolimus eluting stent ( arrows ) ( b )       
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odds ratio for stent thrombosis in a stent with a ratio of 
uncovered to total stent struts per section >30 % was 9.0 
(95 % confi dence interval, 3.5–22) [ 10 ]. In a case-control 
study in which OCT was performed at the onset of stent 
thrombosis, the length of an uncovered stent strut segment 
was signifi cantly associated with stent thrombosis [ 39 ]. 
Another cross- sectional analysis with 18 patients that expe-
rienced very late stent thrombosis showed that for 14 stents 
which developed very late stent thrombosis (VLST) without 
neointimal rupture, uncovered struts were observed in 9 
stents (64.3 %) [ 40 ]. Based on these observations, strut cov-
erage assessed by OCT may be a surrogate marker for pre-
dicting serious cardiovascular events in daily clinical 
practice. A recent OCT study suggested that a greater per-
centage of uncovered struts (a cut-off value of ≥5.9 % 
uncovered struts), as assessed by OCT at the 6–18 months 
follow-up, in asymptomatic DES- treated patients might pre-
dict the increase in major adverse cardiac events which is 
very relevant to stent safety in the future [ 41 ]. 

 Current OCT analysis with conventional methods may 
have a challenge to compare the change of strut coverage and 
malapposition at the strut level during serial follow-up at dif-
ferent time points. Recently a contour plot OCT analysis was 
proposed as a possible method of assessing individual stent 
struts at the strut level practically; this comprehensive moni-
toring of stent strut status at different time points would then 
provide useful information regarding vascular healing status 
after DES implantation (Fig.  10.3 ) [ 42 ,  43 ].

10.2              Malapposition 

 During follow-up, the defi nition of malapposed struts that is 
applied is the same that is used immediately post stent 
implantation, namely one distinguishing the various types 
of coronary stents based on differences in the thickness of 

struts and the polymer (Fig.  10.4 ). The following are the cri-
teria of malapposed struts for several DES: ≥160 μm for 
sirolimus- eluting stents (Cypher Select™, Cordis, Miami 
Lake, FL, USA), ≥130 μm for paclitaxel-eluting stents 
(Taxus Liberte TM , Boston Scientifi c, Natick, MA, USA), 
≥110 μm for zotarolimus-eluting stents (Endeavor TM  and 
Resolute TM , Medtronic, Santa Rosa, CA, USA), ≥100 μm 
for everolimus- eluting stents (Xience TM , Abbott Vascular, 
Santa Clara, CA, USA) and ≥130 μm for biolimus-eluting 
stents (Nobori TM , Terumo Corporation, Tokyo, Japan or 
BioMatrix TM , Biosensors Interventional, Singapore) [ 26 ,  27 , 
 29 ,  33 ,  44 ,  45 ].

   As neointimal formation proceeds after stent implanta-
tion, the rate of malapposed struts signifi cantly decreases 
when the detachment distance between the stent strut and 
vessel wall is within a certain distance, which is different 
depending on the type of stent [ 46 – 48 ]. A previous OCT 
report demonstrated that the percentage of malapposed struts 
remarkably decreased from 12.2 ± 11.0 % post-intervention 
to 1.0 ± 2.2 % at the 6 month follow-up [ 48 ]. However, dur-
ing serial follow-ups between 2 and 4 years, the one study 
with SES reported a signifi cant increase in the percentage of 
malapposed struts from 2.2 % at 2 years to 3.0 % at 4 years 
(p = 0.044) in SES and our study revealed similar fi ndings 
including 1st and 2nd generation DES that malapposed struts 
were similarly detected between 9 months and 2 years (0.6–
0.9 %) [ 49 ,  50 ]. These fi ndings were usually observed in 1st 
generation DES and could be possibly explained by long- 
term vascular infl ammation. Malapposed struts could be 
classifi ed into persistent (persistently malapposed after an 
index procedure) and late-acquired malapposition (newly 
detected at follow-up). Recent follow-up OCT examinations 
indicated that the percentage of late-persistent malapposed 
struts was 2.5 ± 3.6 %, and most (72 %) late-persistent stent 
malappositions were located within the edges of the stents. 
For late acquired malapposition, the percentage of 

POST 6 months follow-up 2 years follow-up

a b c

  Fig. 10.2    Serial change of stent strut coverage at post intervention ( a ), 6 months ( b ) and 2 years ( c ). Some struts were not covered at 6 months ( b , 
 white arrow ) and stent struts coverage completed at 2 years ( c )       
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a

b

  Fig. 10.4    Representative images of stent strut apposition. Optical 
coherence tomography showed the well apposed stent strut with com-
plete coverage at 6 months after biolimus eluting stent implantation 

( a ) and malapposition with uncovered struts in part of stent at 6 months 
after resolute zotarolimus eluting stent ( arrow ) ( b )       
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late- acquired malapposed struts was 3.8 ± 4.5 %, which were 
predominantly distributed within stent bodies (61 %) rather 
than stent edges (39 %). The plaque/thrombus prolapse was 
observed more frequently by poststent OCT examinations in 
patients with late-acquired stent malapposition lesions com-
pared with those who did not have late-acquired stent malap-
position lesions. In their 2013 paper Kawamori et al. suggest 
a the strut-to-vessel distance of ≤260 m on post-stenting 
OCT images as a cut-off value for resolved malapposed 
struts (sensitivity of 89.3 % and a specifi city of 83.7 %) for 
1st generation DES (SES or PES) [ 51 ]. In their more recent 
paper, Foin et al. studied the 2nd generation DESs and drug 
eluting balloon in combination with a bare metal stent, dem-
onstrating that malapposed segments with detachment from 
the vessel wall of <100 m at baseline showed complete strut 
coverage at follow-up, whereas segments with a maximal 
malapposed detachment distance of 100–300 m and >300 μm 
had 6.1 and 15.7 % of their struts still uncovered at follow-
 up, respectively (P < 0.001) [ 46 ]. Additionally, in another 
study, coverage of malapposed struts was delayed with 
respect to well-apposed struts at the 9–13 months post DES 
implantation follow-up [ 52 ]. Although overall malapposed 
struts were positively correlated with uncovered struts, a 
subgroup of lesions with minimal stent malapposition 
showed similar rates of uncovered struts to those without 
malapposition [ 53 ,  54 ]. The coverage of malapposed struts 
was also affected by DES type, namely between the fi rst- and 
new-generation DES in the initial clinical presentation [ 55 ]. 
The incidence of malapposed stent struts was signifi cantly 
higher in ACS at 9 months (2.2 ± 5.6 vs 0.5 ± 2.0 %, p = 0.02) 
[ 36 ]. Especially in STEMI, the incidence of malapposed 
struts was signifi cantly higher in SES and PES than ZES 
(SES vs PES vs ZES: 4.0 ± 8.2 % vs 2.1 ± 4.5 % vs 0 ± 0 %, 
p = 0.001) [ 37 ]. 

 The next logical step was then to identify the clinical 
implication of stent malapposition during follow-up. A recent 
OCT study reported that severe stenosis, calcifi ed lesions, 
and longer stent length were predictors for acute stent malap-
position. Predictors of late-persistent stent malapposition 
were the presence of acute stent malapposition within the 
stent edge and a larger volume of acute stent malapposition. 
Late-acquired stent malapposition was associated with 
plaque/thrombus prolapse detected on poststent OCT images. 
Long-term clinical outcomes of late stent malapposition 
detected by OCT were favorable [ 44 ]. However (Using “but” 
at the beginning of a sentence is strongly discouraged), this 
investigation was a cross-sectional study and moreover, was 
limited by the small number of clinical events in this study.  

10.3     Neointimal Characteristics 

 Pathological studies have demonstrated that neointima within 
a stent are comprised of various tissue components including 
collagen, proteoglycan, smooth muscle, fi brin, or thrombus 

[ 56 ,  57 ]. Previous imaging modalities, such as angiography 
and intravascular ultrasound, have been limited by their low 
resolution, in detecting crucial neointimal  characteristics. 
However, intravascular OCT, with its higher resolution, is 
useful for both the qualitative as well as quantitative evalua-
tion of neointimal tissue [ 35 ,  58 ]. Recent OCT studies have 
reported differential morphological characteristics of neointi-
mal tissue, which were well-correlated with histological fi nd-
ings [ 7 ,  59 ]. The stented segments at the minimal lumen CSA 
were assessed qualitatively to characterize the neointimal tis-
sue as (1) homogeneous neointima, a uniform signal-rich 
band without focal variation or attenuation; (2) heterogeneous 
neointima, focally changing optical properties and various 
backscattering patterns; and (3) layered neointima, layers 
with different optical properties, namely an adluminal high 
scattering layer and an abluminal low scattering layer 
(Fig.  10.5 ) [ 7 ,  35 ,  58 ]. Heterogeneous neointima were fre-
quently detected in 21.7 % of DES-treated lesions in the 
Yonsei OCT registry. The occurrence of neointimal tissue 
within this group was signifi cantly associated with both old 
age and initial clinical presentation of ACS [ 60 ].

   Comparing different OCT morphological characteristics 
with different in-stent neointimal tissue types analyzed by his-
tology with swine in-stent restenosis models, the optical char-
acteristics of neointimal formation seen in OCT were consistent 
with the histological studies on stent healing [ 7 ]. Fibrous con-
nective tissue deposition was more frequently present in the 
homogeneous pattern (71.6 %, P < 0.001), whereas signifi cant 
fi brin deposits were more commonly seen in the heterogeneous 
pattern (56.9 %, P = 0.007). Peri- strut infl ammation was less 
frequently found in the homogeneous pattern (19.8 %, 
P < 0.001) in comparison with the layered (73.9 %) or heteroge-
neous patterns (43.1 %). The presence of external elastic lam-
ina (EEL) rupture was also more commonly seen in layered 
(73.9 %) and heterogeneous (46.6 %) patterns than in the 
homogeneous pattern (22.4 %, P < 0.001) [ 7 ]. 

 However, the detailed relationship between different 
OCT-based neointimal tissues regardless of neoatherosclero-
sis and clinical outcomes has not yet been investigated. It 
was recently reported however that major adverse cardiac 
events including cardiac death, MI, target vessel revascular-
ization and stent thrombosis occurred more frequently in 
patients in the heterogeneous group compared with those in 
non-heterogeneous group during the average 31 month fol-
low- up period (11.8 % vs. 2.9 % in the homogeneous group 
vs. 8.8 % in the layered group, p = 0.003) [ 60 ]. In addition, 
our group found that inclusion in the heterogeneous group 
and minimal lumen CSA at the follow-up OCT examination 
were independent risk factors for future MACE [ 60 ].  

    Conclusion 

 Stent evaluations using OCT have been well addressed in 
previous investigations and provide important informa-
tion for clinical decisions post DES implantation. OCT-
derived assessments of stent strut coverage, malapposition 
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or neointimal characteristics may also be very useful for 
predicting and preventing future adverse cardiac events. 
Moreover, advances in OCT technology and developments 
in its applications will likely provide further information 
on coronary stents and improve their practical usefulness 
in future clinical practice.     
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11.1         Introduction 

 The increased burden of coronary artery disease (CAD) rep-
resents a major challenge to the global health care system. 
Over the last decades the number of patients undergoing per-
cutaneous coronary interventions (PCI) substantially 
increased, with more complex clinical and anatomical set-
tings treated with stent implantation. Acute myocardial 
infarction, unprotected left main disease and complex bifur-
cation are regularly treated with coronary stents. This 
approach was made possible by the development and wide-
spread use of drug-eluting stents (DES) that effectively 
reduced the limit of in-stent restenosis following bare metal 

stent implantation [ 1 ,  2 ]. Nevertheless, the extensive use of 
DES in high risk cohorts was plagued by an increasing num-
ber of stent thrombosis (ST), especially in the late and very 
late phases after the DES implantation, associated with a 
high rate of mortality [ 3 – 5 ].  

11.2     Defi nition and Incidence 

 The defi nition of ST varies from an “angiographically 
proven” to a “clinically suspected” event with the inclusion 
of acute myocardial infarction (MI) involving the target ves-
sel, and unexplained death (within 30 days or anytime). The 
Academic Research Consortium (ARC) divided ST accord-
ing to the level of certainty in source documentation and fre-
quency of occurrence compared to the index procedure [ 6 ]. 
Defi nite ST (highest level of certainty) requires either angio-
graphic or postmortem evidence of thrombotic stent occlu-
sion that has to be in the stent or in the 5 mm segment 
immediately apart from the stent. Conversely, probable ST 
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encompasses any unexplained death within 30 days of stent 
implantation or any MI in the territory of the implanted stent, 
regardless of the time span. Finally, possible ST includes any 
unexplained death beyond 30 days. All these entities are sub-
divided temporally into acute (<24 h), sub-acute (1–30 days), 
late (between 30 days and 1 year) and very late ST (>1 year 
after stent implantation). 

 ST limited during the early phase of bare-metal- stent 
(BMS) the rate of ST was as high as 20 % [ 7 ]. Following the 
introduction of high pressure balloon post- dilatation and the 
combined use of dual antiplatelet therapy (DAPT), a signifi -
cant decrease of ST was observed [ 8 – 14 ], with a range 
between 0.5 and 4 %. In the Dutch registry that included 
more than 21,000 patients treated with BMS and fi rst genera-
tion DES, the vast majority of ST (>70.0 %) occurred in the 
fi rst month after stent implantation, with a cumulative rate of 
2.1 % in defi nite ST over a 3-years follow- up period [ 15 ]. A 
similar occurrence of ST was observed in the Bern-Rotterdam 
registry, that followed 8,146 patients treated with fi rst gen-
eration DES (paclitaxel eluting stent [PES] and sirolimus 
eluting stent [SES]), with 3.3 % of cumulative incidence of 
ST at 3-years [ 16 ]. Furthermore, the specifi c concern for 
additional risk of very late ST observed in the fi rst generation 
DES at an annual rate of 0.5 % [ 16 – 18 ] was addressed by 
these studies. More recently, following the widespread adop-
tion of current generation DES, with thinner struts and a 
more biocompatible polymer, a substantial reduction of ST 
has been reported [ 19 ,  20 ].  

11.3     Clinical Outcomes 

 Very few studies have been published on the long-term clini-
cal outcomes following a fi rst episode of defi nite ST. Some 
series reported a mortality rate associated with ST of up to 
45 % [ 13 ,  21 – 23 ]. Interestingly, the observed rate of recur-
rent episodes of ST was approximately 20 %. In a recent 
meta-analysis of 23 studies that evaluated 7,315 cases of 
defi nite ST, this event was associated with an in hospital 
mortality of 8 % and an in–hospital new or recurrent MI rate 
of 6 % (not counting for the ST event). Notably, the stent 
type had no signifi cant effect on in-hospital or 30-day mor-
tality [ 24 ].  

11.4     Associated Factors 

 Several studies have confi rmed the multifactorial nature of 
ST. ST may depend on: (1) patient characteristics and risk 
factors, (2) treated lesion and procedural-related factors, 
including the stent type and (3) DAPT compliance and 
responsiveness [ 13 ,  21 – 33 ]. Patients clinical characteristics 
associated with ST include diabetes mellitus, acute coronary 

syndromes (in particular ST-elevation myocardial infarction 
[STEMI]) as indication for PCI, left ventricular dysfunction, 
renal failure, younger age, smoking status, malignancy and 
presence of bleeding. Moreover some angiographic charac-
teristics of the stented lesion, including small vessel diame-
ter, bifurcations, heavy calcifi ed lesions, ostial and long 
lesions have been associated with increased risk of ST. In 
addition, procedural characteristics (multiple stents implan-
tation, stent undersizing and under expansion, total stent 
length, balloon/stent size ratio, bivalirudin administration, 
and stent type) may also predict the individual risk to develop 
ST. Among the technical aspects more critically involved in 
early ST the presence of residual dissection and stent under-
expansion seem to play major roles. Finally, individual 
DAPT responsiveness may substantially contribute to ST 
occurrence. Indeed, both BMS and DES implantation induce 
platelet adhesion, activation and thrombus formation [ 32 , 
 33 ]. Therefore, effective anti-platelet therapy is strongly rec-
ommended during and after stent implantation. The aware-
ness of the potential for late and very late ST has prompted a 
shift towards prolonged (12 months or more) duration of 
DAPT, which is in turn is associated with increased bleeding 
risk, entails increased costs and interferes with invasive and 
surgical procedures, if required.  

11.5     The Pathology View 

 Different pathological mechanisms are associated with 
ST. The information on coronary vessel response after stent 
implantation was essentially derived from two sources – 
translational preclinical models and human autopsy 
series. Different factors are involved in the pathogenesis of 
early and late ST. Nakano et al. recently reported the histo-
pathology features of early ST in 34 patients presenting 
with Acute Coronary Syndrome (ACS), who underwent 
an implant with BMS, fi rst or second generation DES. 
Interestingly, the authors found that the underlying plaque 
morphology (prolapse of the necrotic core), the thrombus 
burden, medial tear and incomplete apposition were more 
frequently observed at the level of cross-sections containing 
thrombus compared with patent cross-sections in the same 
stent [ 34 ]. These fi ndings support the concept that plaque 
morphology as well as procedural and mechanical- related 
factors play a role in acute/subacute ST. These pathological 
fi ndings are also in line with the results of the previous angi-
ographic and intravascular ultrasound (IVUS) studies which 
demonstrated that the presence of residual edge dissection 
and signifi cant remaining stenosis in proximal and/or distal 
reference segments can signifi cantly increase the risk of 
early ST [ 31 ]. 

 Histopathology has also demonstrated delayed healing 
and incomplete endothelial stent coverage as the most 
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 important factors for late ST after DES implantation [ 35 ,  36 ], 
(Fig.  11.1 ). These studies suggested hypersensitivity, with 
chronic infl ammation and late acquired stent malapposition, 
as possible contributing factors [ 35 – 38 ]. In an  ex-vivo  study 
comparing DES vs. BMS cases of ST at different time points, 
endothelialization was nearly complete in BMS examined 
beyond 6 months, whereas incomplete endothelialization 
 persisted in DES beyond 40 months [ 34 ]. More recently neo-
atherosclerosis, characterized as clusters of lipid-laden foamy 
macrophages within the neointima, with or without necrotic 
core [ 39 ], has been identifi ed as a frequent cause of late stent 
failure, including ST. Moreover, pathological reports have 
demonstrated that neoatherosclerosis is more common and 
occurs earlier with DES as compared to BMS [ 40 ].

11.6        The Role of Intravascular Imaging 
to Assess Stent Thrombosis 

 Intracoronary imaging techniques have been developed to 
provide complementary, more accurate measurements and 
details to coronary angiography in patients undergoing 
 complex PCI. Compared with IVUS, OCT is superior in the 
assessment of unstable plaque features, including the pres-

ence of thrombus, rupture plaques, thin-cap fi broatheroma 
(TCFA) and pools of superfi cial macrophages [ 41 ,  42 ]. In 
addition, OCT provides superior details on the immediate 
results of stent implantation (vessel injury, tissue prolapse, 
stent malapposition and stent geometry distortion). Finally, 
OCT at the follow-up time is more accurate in assessing the 
remaining thrombus and the amount and type of tissue grow-
ing into the stent, discriminating between covered and uncov-
ered struts, neointimal formation and newly developing 
atherosclerosis [ 42 – 44 ]. Based on these unique characteris-
tics OCT can critically contribute to a better mechanistic 
understanding of the pathophysiology of ST and to the iden-
tifi cation of surrogate markers, anticipating the risk.  

11.7     OCT in Stent Thrombosis: Not All 
Stent Thrombosis Are Created Equal 

 The multi-factorial nature of ST and the high risk related 
to this event favors a fully informative, accurate assess-
ment of the culprit lesion and vessel at time of acute 
presentation, through high resolution intravascular imag-
ing modalities. Similarly to any acute MI, ST requires 
immediate thrombus removal and quick restoration of an 

a b

c d

  Fig. 11.1    Histology and OCT. ( a ) and 
( b ) Magnifi ed histology sections (Movat 
pentachrome stain) and corresponding 
OCT image ( c ,  d ) of a specimen of stented 
coronary artery with implant duration of 
48 h. ( a ) Uncovered struts at 9 o’clock 
( arrowhead ) and calcium deposition 
( arrow ); ( c ) corresponding OCT image. 
( b ) Thrombus deposition (*) on top of the 
uncovered strut at 6 o’clock and 
( d ) corresponding OCT image       
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effective TIMI fl ow as the goals of primary interventions. 
After vessel recanalization, OCT may be used for guid-
ing a more effective thrombus removal, via mechanical 
and/or additional pharmacological treatments. Further, 
OCT may help to recognize the stent-related factors (if 
any) responsible for ST (malapposition, under expansion, 
incomplete coverage, lipid laden neointima) and to select, 
based upon the imaging details, the most effective treat-
ment to avoid recurrences. Indeed, while stent under-siz-
ing, under-expansion and other suboptimal PCI results are 
usually observed in the acute/subacute ST cases, the main 
mechanisms involved in both late/very late ST are usu-
ally linked to the presence of uncovered stent struts and/or 
neoatherosclerosis.  

11.8     How to Perform OCT in the Acute 
Setting of Stent Thrombosis 

 The planning for imaging in a patient arriving at the hospital 
with possible ST should start before the patient’s arrival at 
the Cath Lab. If the patient was treated with stent(s) in the 
same hospital all clinical and procedural information (co- 
morbidities, clinical presentation at the index procedure, 
stent type and size, eventually complications at the stent 
implant) has to be made available to the operator before pri-
mary PCI. In patients arriving with ST and TIMI 0–1 fl ow 
grade or large fi lling defect, thrombus aspiration is at the 
frontline of treatment for reestablishing the fl ow and allow-
ing subsequent histopathology analysis of the aspirated 
thrombotic material. In this case thrombus aspiration has to 
be performed until coronary fl ow is reestablished and in any 
case before the OCT imaging pullback. It is relevant to the 
safety of the patient and equally relevant for having high 
quality OCT imaging, not to proceed with the OCT scan 
when the vessel is occluded with no distal fl ow or in the pres-
ence of an extremely high thrombus burden anticipated at the 
angiography views. Major arrhythmias and images unread-
able due to the excess of remaining thrombus are the main 
reasons for adopting a dedicated strategy. In the presence of 
a large remaining thrombus the imaging catheter can be 
occlusive. One  possible trick to anticipating if an OCT pull-
back can be  performed with enough quality is a quick check 
in angiography with a few cc of contrast, maintaining the 
aspiration catheter at the culprit site. If the contrast passes 
freely the probability that it will not be occlusive with the 
image catheter is high and you may proceed with the OCT 
pullback. A combined use of IVUS and OCT when possible 
is recommended, since both imaging techniques may  provide 
complementary data on mechanisms of ST. In these cases it 
seems wise to start with IVUS, since no contrast fl ushing and 
no selective coronary intubation is required. IVUS may add 
unique information on vessel remodeling that cannot be pro-

vided by OCT. It is important to remember that OCT imag-
ing may increase the overall amount of procedural contrast. 
In the presence of hemodynamic instability, frequently 
observed during ST, the total amount of contrast needs to be 
strictly monitored. When fl ow is reestablished the operator 
should take time to analyze the imaging data, understand the 
main causative mechanism and the possible contributing fac-
tors and to tailor the treatment strategy. Since the time inter-
val between the baseline assessment and the fi nal 
post-intervention pullbacks can be wide, the OCT catheter 
should be maintained wet in saline solution to avoid fi brin 
deposition on the imaging element and contrast medium 
crystallization.  

11.9     Information Provided by OCT 

11.9.1     Thrombus Assessment 

 OCT is able to assess the presence and type of thrombus and 
the effectiveness of coronary thrombus removal through 
mechanical and or pharmacological interventions. With 
OCT, intracoronary thrombus is identifi ed as any abnormal 
mass protruding into the lumen, with a sharp gap in the 
underlying tissue, signal backscattering and various degrees 
of attenuation. White thrombus is characterized by homoge-
neous signal rich with low-backscattering attenuation, while 
red thrombus, that contains red blood cells and a network of 
fi brin, is defi ned by a highly backscattering and highly atten-
uated light signal (resembling blood). The presence of a 
large amount of residual thrombus may preclude a reliable 
assessment of strut coverage (Fig.  11.2 ). In these cases addi-
tional potent pharmacologic agents, such as GP IIb/IIIa 
receptor blockers, can be used to allow an accurate assess-
ment of the underlying stent, and to detect possible segmen-
tal malapposition or consecutive frames with largely 
uncovered struts (Fig.  11.3 ).

11.9.2         Inadequate Stent Implantation 

 Inadequate stent implantation can be due to a mismatch 
between lumen dimensions and the selected stent size, or be 
the consequence of stent under expansion in spite of an ade-
quate stent/artery ratio. Providing automatic lumen profi le 
measurements, novel OCT systems allow for the online 
detection of inadequate stent implantation. 

 In a small-scale OCT study evaluating patients with sub-
acute ST [ 45 ], a smaller minimal stent area was observed in 
these patients compared to the uneventful controls, with min-
imum stent area preferentially located at the thrombus site, 
indicating stent under expansion as a possible mechanism of 
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early ST. In addition, the percentage of both uncovered and 
malapposed struts was signifi cantly higher at the thrombus 
site compared with their respective control patients. 

  Illustrative Case 1 
  Stent Under-Expansion as Primary Cause 
of Late Stent Thrombosis  
 A 60 years-old patient underwent a complex PCI procedure 
on a highly calcifi ed right coronary artery (RCA), requiring 
rotational atherectomy (Fig.  11.4 ). Five years later the patient 
was admitted with diagnosis of inferior STEMI. Coronary 
angiography revealed an in stent thrombotic occlusion of the 
RCA. After wire crossing and thrombus aspiration, OCT and 
IVUS pullbacks were performed. IVUS showed a large 
amount of residual thrombus and severe stent under expan-
sion at the culprit segment. OCT pullback confi rmed stent 
under expansion in the absence of any uncovered/malap-
posed struts or abnormal neointima (Fig.  11.5 ). Severe under 
expansion was treated with larger balloons and a short EES 
implanted at high pressure. Final intracoronary imaging con-
fi rmed an adequate acute gain in the previously unexpanded 
stent segment (Fig.  11.6 ).

11.9.3           Incomplete Stent Apposition 

 There is increasing interest in the role of incomplete stent 
apposition (ISA) as a causative factor of ST. ISA is normally 
defi ned as the separation of one or more stent struts from the 

arterial wall, with evidence of blood speckles behind the 
strut, in the absence of any side branch. According to the 
time of occurrence, ISA is labeled as acute (post-procedure), 
persistent (diagnosed at post-procedure and still present at 
follow-up), and acquired (not present at post-procedure but 
identifi ed at follow-up). In the absence of any intravascular 
imaging assessment at the index procedure, ISA is usually 
classifi ed as late incomplete stent apposition. The role of 
stent malapposition in the pathogenesis of late ST has been 
continuously debated advocated as a possible causative 
 factor in some studies and neglected in others. Cook et al. 
reported an increased incidence of stent malapposition and 
positive vessel remodeling in patients presenting with very 
late ST after fi rst generation DES, compared with uneventful 
controls [ 46 ]. ISA was detected in 77 % of patients with very 
late ST with a wide area of malapposition. Similarly, in a 
study conducted by Guagliumi and coll. on consecutive 
cases of late and very late ST assessed with OCT, stent 
malapposition was observed in 78 % of the all cases, with 
maximal area of malapposition signifi cantly greater com-
pared to the uneventful matched controls [ 43 ]. Recently, the 
“Mechanism Of Stent Thrombosis” MOST study also dem-
onstrated a three times higher rate of malapposed struts in 
patients with late ST as compared to controls [ 45 ]. Late acquired 
ISA may essentially be due to two different mechanisms: (a) 
positive vessel remodeling, as a marker of vessel toxicity in 
response to the drug and or to the polymer; (b) resolution or 
reabsorption of a pre-existing soft plaque or thrombus behind 
the stent struts. 

a

b c d e f

  Fig. 11.2    Large amount of residual thrombus after manual thrombus aspi-
ration. OCT longitudinal view ( a ) and multiple cross-sections ( b – f ) images 
during a ST case after thrombus aspiration. Large residual thrombus 

remained inside the stent ( b ,  c ,  d ). Struts are clearly visible due to shadow-
ing. Proximal ( f ) and distal ( b ) sections indicate complete strut coverage. 
White thrombus mainly in ( b ,  c ), mixed thrombus in ( d )       
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  Illustrative Case 2 
  Persistent Malapposition as Causative Factor 
of Stent Thrombosis  
 Brief summary: Two everolimus-eluting-stent (EES) were 
implanted to treat an occluded left descending coronary 
artery (LAD) during an anterior STEMI. The proximal stent 

was bordering a small aneurysm (arrow, Fig.  11.7 ). After 
4 years, the patient was urgently hospitalized due to a recur-
rent anterior STEMI. Coronary angiography showed a 
thrombotic occlusion at the stent entrance. After wiring the 
occluded vessel and an effective manual thrombus aspira-
tion, coronary angiography displayed only a small fi lling 
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  Fig. 11.3    OCT in Late Stent Thrombosis, Immediately After Thrombus 
Aspiration. OCT Longitudinal view ( a ) and multiple cross-sections 
( b – e ) images obtained in very late stent thrombosis, immediately after 
manual thrombus aspiration. Large residual thrombus is observed 
inside the stent, dominantly white in signal characteristics ( c ). Struts 
malapposition can be observed ( d ). Same vessel after intracoronary 

injection of GP IIb/IIIa inhibitors. A substantial reduction of the 
remaining thrombus can be recognized in long ( f ) and cross- sectional 
( h ) images. Incompleteley apposed stent struts can be identifi ed in the 
cross sections proximal to thrombus burden ( d ,  i ). Healthy looking dis-
tal ( g ) and proximal ( j ) stent segment       
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a b  Fig. 11.4    Coronary angiography 
at the index procedure. 
( a ) Rotational atherectomy at mid 
RCA. ( b ) Optimal result after DES 
implantation       

a
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  Fig. 11.5    OCT and IVUS fi ndings at time of very late ST. ( a ,  b ) coro-
nary angiography showing stent thrombosis at mid RCA ( a ) and lumen 
profi le after reestablishing of the vessel patency with thrombus aspira-
tion (with small persisting fi lling defects). ( b ,  d ,  e ) OCT cross sectional 
views at multiple levels. Distal and proximal stent segments 
 demonstrated complete strut coverage, no malposition and only mild 

tissue deposition ( e ). ( c ) OCT cross section with stent under-expansion 
at the site of protruding thrombus, remaining after manual aspiration. 
The thrombus was not detected at the corresponding IVUS section ( i ). 
( f ,  g ) Longitudinal OCT and IVUS views. Distal ( h ) and proximal ( j ,  k ) 
to the culprit lesion ( i ) IVUS cross sectional images, show good stent 
expansion and moderate vessel remodeling       

defect, with irregular borders at the level of a small aneurysm 
(Fig.  11.8 ). An IVUS pullback, sequentially performed after 
OCT, excluded the presence of positive vessel remodeling, 
confi rming the persistent nature of malapposition. Large 
malapposition associated with lack of coverage was identi-

fi ed as the causative mechanism in this EES ST (Fig.  11.9 ). 
To further expand the entrance of the existing stent, and pro-
mote the strut coverage in this small aneurysm, a large BMS 
was implanted at malapposition site and fi nally expanded at 
high pressure (Fig.  11.10 ).
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       This case shows some of the issues with stent implanta-
tion during acute myocardial infarction, when the presence 
of thrombus and the increased vasoconstriction make diffi -
cult the stent size selection and the identifi cation of the 
proper landing zone, facilitating stent malapposition to 
remain undetected by angiography. In such cases a large seg-

ment of malapposed/uncovered struts may persist asymp-
tomatic for years until a triggering factor may precipitate ST. 

 Finally, as demonstrated by Gutierrez-Chico and coll., 
the larger the acute malapposition, the greater the likelihood 
of persistent malapposed segments at FU and delayed 
 healing [ 47 ]. 

a b c d e
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  Fig. 11.6    IVUS and 
OCT assessment 
post-treatment. ( a – e ) 
IVUS and ( f – j ) OCT 
multiple cross-
sectional views. 
Large MLA, even at 
site of multiple strut 
layers       
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  Fig. 11.7    Index primary PCI on 
LAD during an anterior STEMI. 
( a ) Coronary angiography at the 
index procedure (primary PCI) 
with LAD occlusion. A small 
aneurysm was visible ( arrow ) 
immediately before the occlusion 
point. ( b ) Coronary angiography 
immediately after stent 
implantation with a reestablished 
lumen profi le and effective 
coronary fl ow. ( b ’) Magnifi cation 
at the stented segment with 
evidence of contrast staining 
bordering the small aneurysm 
( arrow )       
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  Fig. 11.8    Coronary angiography 
performed during very late ST. ( a ) 
Coronary angiography showing an 
in stent thrombotic occlusion. ( b ) 
After thrombus aspiration and 
restored vessel patency. ( b ’) 
Magnifi cation at proximal LAD 
after thrombus aspiration: 
persistent haziness at the level of 
the aneurysm located at the stent 
entrance ( arrows )       
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  Illustrative Case 3 
  Acquired Malapposition in Current Generation 
DES as Cause of Stent Thrombosis  
 A 50 year old man presented with an anterior STEMI and 
cardiogenic shock. The proximal LAD was then treated by 
implantation of a 3.5/24 mm everolimus eluting stent 
(Fig.  11.11 ). Two months later, despite an adequate DAPT, 
the patient experienced recurrent chest pain and was admit-
ted with diagnosis of non ST elevation myocardial infarction 
(NSTEMI). Coronary angiography revealed invariable ste-
nosis in the left circumfl ex artery (LCX) and a barely notice-
able in stent hazy lesion in the previous stented LAD. 
Fractional Flow Reserve (FFR) investigation of LCX resulted 
in a  non- ischemic value. OCT revealed uncovered and 
malapposed stent struts, and a luminal protruding mass com-
bining the characteristics of both organized and fresh throm-
bus (Fig.  11.12 ). The diagnosis of late ST as the culprit lesion 
was therefore made. Interestingly, the MULTIPLATE ana-
lyzer testing platelet reactivity revealed suffi cient platelet 

inhibition by ongoing therapy. Thus the hypothesis of persis-
tent or acquired ISA, was considered as the possible sub-
strate for this complication. Application of high pressure 
balloon (4.5/12 mm at 20 atm) dilatation resulted in a larger 
cross-section area and corrected stent apposition (Fig.  11.13 ).

      This case illustrates that secondary thrombus resolution in 
the contest of STEMI may cause ST due to acquired stent 
malapposition even in patients responsive to DAPT therapy. 
The use of OCT helped in the identifi cation of mechanisms 
underlying ST and guided a customized treatment with a 
high pressure balloon dilatation. Combined use of imaging 
technology with platelet reactivity tests are sometimes 
needed to detect the mechanism underlying ST events. 

 ISA after stent implantation may also present with 
acquired in-stent aneurysm(s) formation and largely uncov-
ered/malapposed struts. This results mainly from a toxic 
reaction to a drug and/or polymer creating extensive coro-
nary wall infl ammation with in stent extra-cavities forma-
tion. The segment involved has a signifi cant damping of the 

a
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  Fig. 11.9    OCT longitudinal and cross-sectional views after thrombus 
aspiration. Cross-sectional views: ( a ,  c ) optimal healing and coverage 
of the stented segment at both distal and proximal sites. ( b ) Cluster of 
grossly malapposed and uncovered struts ( arrow ) with large remaining 

thrombus (*). Automatic lumen border detection ( d ) and long view ( e ) 
showing overall uniform and good stent expansion, except for the seg-
ment at the aneurysm level ( circle )       
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a
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  Fig. 11.10    OCT pullback after BMS implantation at the malapposed 
site. Coronary angiography ( a ) and OCT at post-treatment. The 3D 
OCT reconstruction ( b ), automatic lumen profi le ( c ) and longitudinal 

view ( d ) confi rmed optimal stent expansion with no residual malappo-
sition ( arrow ) in the segment of interest ( circle )       

a b  Fig. 11.11    Baseline procedure. 
( a ) Coronary angiography during 
index primary-PCI showed 
thrombotic occlusion of left 
anterior descending artery 
( arrow ). ( b ) Coronary 
angiography after stent 
implantation showing acceptable 
result       
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optical signal (dark segmental appearance) compared to the 
uninvolved segments that normally have a mature neointima. 
These aspects were recently substantiated in an OCT study 
 assessing different degrees of maturity on top of the stent 
struts, in various preclinical and clinical contexts ( ex-vivo  
animals and humans, and  in-vivo  animals and humans) [ 48 ]. 

  Illustrative Case 4 
  Very Late Stent Thrombosis due to Late 
Acquired Malapposition  
 Fifty-seven years old male presenting with multi-vessel coro-
nary artery disease was treated with PCI and two PES 
implanted in overlap on the proximal LAD. Three years later 
the patient was readmitted for an anterior STEMI in cardio-
genic shock complicated by cardiac arrest. Emergency angi-
ography, under external cardiopulmonary resuscitation, 
documented very late ST on the proximal LAD, prompt bal-
loon dilation immediately restored vessel patency. 
Extracorporeal support (ECMO) was immediately initiated. 
A few days later, with haemodynamic stability, an OCT pull-
back displayed the presence of an acquired in-stent aneurysm 
with extra- cavities around the entire circumference of the 
vessel, and largely uncovered and malapposed struts 
(Fig.  11.14 ). As treatment, a PCI with a bare metal “stent in 
stent implantation” was performed in an attempt to promote 
strut coverage and seal these extra-cavities. The patient was 
then discharged on the 30th day with complete left ventricular 

function recovery. At the 6 months OCT follow-up a com-
plete sealing of the in- stent aneurysm with homogeneous 
stent coverage was observed (Fig.  11.15 ).

11.9.4          Uncovered Struts 

 Uncovered struts, the most important pathologic predictor of 
late and very late ST following DES placement, can be iden-
tifi ed by OCT with high specifi city, [ 49 ]. However, the 
 sensitivity of OCT in detecting uncovered struts is reduced 
when fi brin and infl ammatory cells are present around the 
struts. Uncovered struts are an indirect marker of delayed 
stent healing and poor endothelialization, more frequently 
observed in DES compared to BMS, [ 50 ]. Uncovered struts 
detected by OCT in DES may persist for several years and, 
in line with pathology data, may be an independent factor for 
predicting late and very late ST [ 43 ]. Compared with matched 
uneventful patients, ST patients showed a signifi cantly 
higher percentage of uncovered struts and a higher number 
of sections with >30 % uncovered struts. Interestingly, the 
length of the segment with consecutive uncovered struts was 
the only OCT predictive factor for ST selected at the multi-
variate analysis. Similarly, the MOST [ 45 ] study demon-
strated that the number and percentage of uncovered stent 
struts were particularly high at the site of ST, with similar 
values to pathological fi ndings. However, it is still unknown 

  Fig. 11.12    Angiographic and OCT fi ndings of late stent thrombosis. 
( a ) Coronary angiography shows an area of haziness inside the EES 
previously implanted in the left anterior descending artery (*), and a 
tight focal stenotic lesion in mid circumfl ex artery ( arrow ). ( b ) 
Longitudinal reconstruction after thrombus aspiration revealed the 

thrombotic nature of the intraluminal hazy lesion (*). ( c ) FFR per-
formed on circumfl ex artery was negative ( d ) close review of cross- 
section OCT reveals clusters of uncovered and malapposed struts. ( e ) 
IVUS pullback revealed absence of positive vessel remodeling and free 
space behind stent struts       
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  Fig. 11.13    OCT pullback after high pressure dilatation. ( a ) Final coro-
nary angiography demonstrated good angiographic results of high pres-
sure balloon dilatation. ( b ) 3D OCT reconstruction showed perfect 
result with optimal stent strut geometry; ( c ,  d ) Lumen profi le tool and 

longitudinal reconstruction did not revealed residual stenosis and stent 
edge dissection after high pressure balloon stent expansion. ( e ) Cross- 
section analysis at the proximal stent edge showed resolution of the 
strut malapposition       

 

11 Stent Thrombosis



158

which extent of lack of struts coverage promotes ST and 
should be considered unsafe. In the absence of any additional 
factor(s), the presence of uncovered struts is probably acting 
only as a risky substrate, requiring a precipitating factor to 
trigger thrombus formation, [ 51 ]. This hypothesis has been 
substantiated by the fact that many uncovered stents remain 
asymptomatic for years. Coverage of the stent struts depends 
also on the underlying plaque composition. Lüscher et al. 
demonstrated that DES implantation in lesions with a large 
necrotic core might result in delayed endothelialization or 
absent healing [ 52 ]. This observation is consistent with the 

OCT fi nding reported by Guagliumi et al. which showed that 
acute coronary syndrome at the index procedure was more 
frequently observed in patients with ST as compared with 
the controls [ 43 ]. 

 Uncovered struts may be found in several circumstances:
    (a)    Uncovered struts due to malapposition to the vessel wall 

at time of initial implant   
   (b)    Uncovered struts due to acquired malapposition, second-

ary to positive vessel remodeling   
   (c)    Uncovered struts in the presence of a stent completely 

apposed to the vessel wall (inadequate healing)     

a b d

c e

  Fig. 11.14    Coronary angiography, OCT and IVUS during very late ST 
with cardiac arrest. ( a ) Coronary angiography during cardiac arrest 
showing thrombotic occlusion of proximal LAD and LCX. ( b ) 3D OCT 
reconstruction after primary-PCI and hemodynamic stabilization 

revealed a segmental in-stent aneurysm at site of overlap (* asterisk ). 
( c ,  d ) Long view OCT and cross section analyses showed clusters of 
uncovered and malapposed struts ( arrow ). ( e ) IVUS pullback con-
fi rmed large positive remodeling at the stent overlap, ( arrow ).       
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  Fig. 11.15    Post PCI with BMS OCT Findings after very late ST. ( a – c ) 
cross section, longitudinal and OCT 3D reconstruction after very late 
ST with localized in-stent extra cavities and largely uncovered/malapposed 

struts at the stent overlap (* asterisk ). ( d – f ) OCT fi ndings 9 months after 
focal BMS implantation (* asterisk ). showing sealing of the in-stent 
extra-cavities with complete strut coverage       
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 The association with different types of malapposition has 
already been discussed and presented in prior clinical cases. 
The following fi gure reports a clinical example of the role of 
isolated uncovered struts promoting ST even in the presence 
of a stent completely apposed to the vessel wall (Fig.  11.16 ).

11.9.5        Neoatherosclerosis 

 Neoatherosclerosis is pathologically recognized as clusters 
of lipid pools within the neointima, representing the entire 
spectrum from lipid rich plaque with or without necrotic 
core, to TCFA with foamy macrophages, to plaque rupture 
and calcium deposition [ 40 ]. Optical imaging techniques 
contributed in a substantial way to the identifi cation and 
characterization of this abnormal neointima growth as a pos-
sible causative factor for ST. With intracoronary angioscopy, 
Higo et al. observed a 35 % increase of intra-stent yellow 
neointima, 10 months after DES implantation and hypothe-
sized that neoatherosclerosis within the stent might serve as 
a possible substrate for late ST [ 53 ]. At OCT images, lipid-
laden neointima, compared to non-lipid stent segments, is 
more frequently associated with intimal disruption, 
 neovascularization and thrombus formation, all possibly 
implied in late ST [ 54 ]. Guagliumi et al. found that in 17 % 
of late/very late ST in DES patients (median time from initial 
stent implant being 20 months) neoatherosclerosis was the 
likely mechanism [ 43 ]. Kang et al. recently demonstrated 
from a series of 33 patients suffering from very late ST that 
neoatherosclerosis was the primary mechanism in almost 
70 % of patients (median time from initial stent implant 
being 62 months), while malapposition was observed in only 
25 % of all cases [ 44 ]. The frequency of the in-stent neoath-

erosclerosis is time dependent and is not normally observed 
as a consistent fi nding until approximately 1.5–2 years 
 post-DES implantation [ 55 ]. 

  Illustrative Case 5 
  Very Late Stent Thrombosis due to Neoatherosclerosis  
 A 63 year old male previously treated with two PES on 
LCX-OM, and LAD was readmitted 4 years later for 
NSTEMI. Coronary angiography showed a complete occlu-
sion of both the LCX and OM branches (Fig.  11.17 ). After 
manual thrombus aspiration, OCT pullback revealed an het-
erogeneous vessel response in the stents implanted in the 
LCX. In-stent segments with lipid laden neointima with seg-
ments presented a lack of tissue coverage. More specifi cally, 
lipid laden neointima presented patterns of light attenua-
tion and bright lines with an important shadow suggestive 
of foamy macrophage accumulation at the culprit segment 
(Fig.  11.18 ). A current generation DES was implanted in the 
segment with signifi cant stenosis, but not the whole segment 
that presented lipid laden neointima (Fig.  11.19 ).

      Despite the fact that neoatherosclerosis is a well-known 
phenomenon in fi rst generation DES, recent reports have 
demonstrated that this in stent abnormal tissue proliferation 
may also be involved in new generation DES [ 56 ].  

11.9.6     Other Mechanisms Involved 
in Stent Thrombosis 

 ST may be also the consequence of other mechanisms 
including disease progression at the stent edges, plaque 
 rupture underneath the stent, poor responsiveness to DAPT, 
or a combination of multiple causative factors. 

a b c d
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  Fig. 11.16    Role of isolated uncovered struts promoting ST. ( a ) 
Coronary angiography after thrombus aspiration ( arrow ); ( b – d ) cross 
sections substantiate stent thrombotic occlusion ( b  *), thrombus 
attached on top of uncovered stent struts ( c - arrows ); ( d ) uniform tissue 

coverage of the stent in the proximal segment. ( e – g ) corresponding 
IVUS cross- sections obtained with contrast fl ushing to enhance lumen 
visualization with no evidence of positive remodeling       
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a b  Fig. 11.17    Coronary 
angiography at time of very late 
stent thrombosis. ( a ) Coronary 
angiography: in stent thrombotic 
occlusion of the marginal obtuse 
branch ( arrow ); ( b ) After 
thrombus aspiration and 
restoration of vessel patency       
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  Fig. 11.18    OCT fi ndings of the in-stent neoatherosclerosis. ( a ) 
Coronary angiography after thrombus aspiration; ( b ,  c ) 3D and 
Longitudinal OCT view displayed multiple in-stent segments infi ltrated 
by lipid laden neointima ( circle ). Cross sections substantiate different 

patterns of coexisting lipid infi ltration within the stent lipid rich plaques 
( d ,  e ,  h ), signals of foamy macrophage accumulation ( d ,  e ,  h - arrows ) 
and uncovered stent struts ( f ,  g -*)       
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  Fig. 11.19    Final angiography and OCT images after novel generation 
EES implantation. ( a ) Coronary angiography after the implantation of a 
current generation EES stent. ( b ) 3D OCT reconstruction with optimal 
stent strut geometry and no cell deformation; ( c ,  d ) automatic lumen 

border and longitudinal views displayed uniform stent in stent expan-
sion, no residual stenosis and no stent edge dissection after high pres-
sure stent expansion       
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  Fig. 11.20    Coronary angiography and OCT during very late ST. ( a ) 
Coronary angiography showing haziness and fi lling defect at the proxi-
mal LAD ( *   asterisk ). ( b ) OCT longitudinal view: optimal result of the 
previously implanted PES with complete strut coverage and protruding 

thrombus at the LAD ostium (* asterisk ). ( d ,  e ) White thrombus tail 
extending into the proximal stent edge (*). ( f ) Ruptured plaque located 
at the ostium of the LAD at the stent proximal edge ( arrow )       

  Illustrative Case 6 
  Rupture Plaque at the Edge of the Stent 
as Causative Factor of Late ST  
 A 88-years old man with stable angina received 2 PES in the 
proximal LAD. After 2 years the patient was readmitted with 
an anterior STEMI. At the time of coronary angiography the 

LAD was opened, with a fi lling defect at the proximal stent 
entrance. OCT revealed complete strut coverage with mini-
mal neointimal deposition across the entire stented segment. 
A white thrombus on top of a new ruptured plaque at the 
ostium of the LAD was easily detected by OCT (Fig.  11.20 ). 
New ruptured plaque was sealed by an additional EES 
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implanted at the ostial LAD. Progression of disease at the 
infl ow/outfl ow tract can be responsible for late DES failure. 
Late ST may be observed even in the presence of an optimal 
DES result, with complete stent healing.

     Illustrative Case 7 
  ST with Coexisting Multiple Causative Factors  
 Due to its high level of accuracy OCT can detect multiple 
mechanisms implicated in ST at the same time. In the follow-
ing case ST was associated with the presence of stent under- 
expansion and geometry deformation at the bifurcation 
lesion, combined with atherosclerotic neointima deposition. 
A 63-year old patient had two PES implanted in the proximal 
LAD, as provisional stents across the LAD-fi rst diagonal 
(D1). bifurcation. Five years later the patient was readmitted 
to the hospital with an anterior STEMI. Coronary angiogra-
phy showed a complete occlusion at the stent entrance, with 
TIMI 0 fl ow grade. The fl ow was reestablished with thrombus 

aspiration performed in both branches. OCT detected multi-
ple coexisting causative factors bystanders, with lipid laden 
neointima (*) and calcium deposition (arrow) in some cross 
sections, severe stent deformation and under- expansion with 
fragments of thrombus in other sections (Fig.  11.21 ).

    Current generation EES were implanted inside the two 
PES, and post-dilated at high pressure. A fi nal OCT pullback 
confi rmed the full lumen/stent expansion, the absence of any 
remaining stent deformation and wide open access to D1 
(Fig.  11.22 ).

11.10         Limitations of OCT Imaging During 
Stent Thrombosis 

 Whenever thrombus is present, a reliable assessment of strut 
coverage with OCT during ST is diffi cult. Current OCT can-
not differentiate between neointimal and other tissue types. 

a b

c d e f g

  Fig. 11.21    Angiographic and OCT images during primary PCI per-
formed for very late ST. ( a ) coronary angiography before thrombus 
aspiration showed a thrombotic stent occlusion at proximal LAD, 
involving the fi rst diagonal branch ( arrow ). ( b ) OCT long view demon-
strated an irregular lumen contour with some degree of stenosis and 
atherosclerotic lipid laden neointima. ( c – g ) cross sectional views from 
the distal to the proximal stent segments. ( c ,  g ) the cross sections at the 

stent edges showed an early pattern of neoatherosclerosis with thin cap 
lipid rich plaques and foamy macrophage (*). ( d ,  e ) Body of the stents 
presenting with more advanced stages of neoatherosclerosis with mixed 
thrombus ( d - 4–6 o’clock) and calcifi ed plaque ( e - 10–12 o’clock). ( f ) 
cross-section at the level of the D1 bifurcation showing stent under- 
expansion and cell strut deformation ( arrow )       
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  Fig. 11.22    Angiography and OCT after treatment. ( a ) Final coronary 
angiography with no residual stenosis and TIMI 3 fl ow grade. ( b ) 
Longitudinal OCT view showing a large lumen area across the entire 
stented segments, with no residual stenosis and no stent edge dissection. 

( c – g ) OCT cross-sectional views confi rming complete stent expansion, a 
full compression of the lipid laden neoitima and a wide access to the  D1  
branch ( f )       
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Endothelial cell dimensions are below the resolution of even 
OCT, and it is possible that some struts that appear bare in 
fact is covered by a thin layer of tissue. Futhermore, ST it 
cannot be excluded that thrombus aspiration might have par-
tially removed this thin layer of material covering the stent 
struts. Moreover OCT, unlike IVUS cannot always provide 
 information on vessel size (media to media), and therefore is 
not possible to judge the presence of a stent under expansion 
and vessel remodeling.  

11.11     New Perspectives for in Stent 
Thrombosis 

 The low frequency occurrence of ST with paucity of sparse 
data collected by different interventional groups and the 
possible catastrophic clinical consequences of this compli-
cation has attracted the attention of the Heath Care 
Authorities to have a more global approach to solve this 
problem. Therefore, very large cohorts of ST patients need 
to be recruited in order to substantiate the main mechanisms 
involved and to possibly demonstrate the impact of a given 
intervention. Moreover, the evaluation of patients with ST 
needs to include a comprehensive evaluation using com-
bined clinical, high resolution intracoronary imaging, blood 
platelet function data and genes. Large-scale clinical trials 
with long-term follow-up as well as detailed mechanistic 
assessments are warranted. In pursuit of these goals, the 
“PREvention of Stent Thrombosis by an Interdisciplinary 
Global European effort” PRESTIGE project, supported by a 
fi nancial grant of the EU Community (FP7-Seventh Health 
Program, Health 2010.2.4.2-1, Reducing in-stent thrombo-
sis) represents an advanced and unique multidisciplinary 
project, involving world –leading European specialists and 
centers, in the study of all the contributing factors to ST in 
fi ve different working packages. The fi ve fi elds of actions in 
the PRESTIGE project are: (1) Assessment of the basic 
mechanisms leading to ST (2) Bio- engineering approaches 
to reduce ST (3) Novel imaging approaches to assess heal-
ing and thrombotic processes after stenting (4) Multimodal 
characterization of patients with late ST (5) Exploitation of 
the results. In this project the PRESTIGE-registry (WP4) is 
the joint effort to collect data regarding all patients present-
ing with ST. An extensive clinical and procedural database, 
integrated with blood platelet functional tests, OCT/IVUS 
intracoronary imaging, DNA- sampling and histopathologi-
cal and immunohistochemical analyses of aspirated throm-
bus was prospectively collected. Between April 2011 and 
April 2014, all patients with angiographic confi rmed ST 
were enrolled into the PRESTIGE Registry, in 14 centers 
and compared to control patients without ST who under-
went a PCI with stent implantation on the same date 
(±14 days) and with the same indication. At present more 
than 200 consecutive ST were assessed with OCT (±IVUS) 

combined with histopathology of aspirated thrombus. The 
PRESTIGE project is anticipated to result in signifi cant 
improvement in the understanding, prediction and treatment 
of ST, providing surrogate marker(s) identifi cation and tai-
lored therapeutic and interventional strategies.  

    Conclusions 

 The occurrence of ST is rare; however it remains one of 
the most dreadful complications following PCI, due to 
potential catastrophic clinical events. The prevention of 
ST represents a major challenge in interventional cardiol-
ogy, due to the multiple causative and contributing fac-
tors. The  limited value of coronary angiography in 
differentiating causative factors responsible for ST has 
been recently updated/ameliorated by with the amazingly 
informative content of OCT, detecting thrombus, plaque, 
tissues and stent components. The use of OCT in the 
acute phase of ST, when the fl ow has been reestablished, 
allows to promptly identifying the main causative mecha-
nisms (incomplete stent expansion, uncovered/malap-
posed struts, toxic vessel response with extra-cavities 
formation, disease progression, neoatherosclerosis). 
Furthermore, by addressing the implicated mechanisms, 
OCT may allow individualized treatment through targeted 
mechanical or pharmacological interventions. Finally, the 
use of OCT at different time points of follow- up after ST 
allows for the unique opportunity to verify the long term 
vessel response (coverage, sealing of in-stent aneurysm), 
and possibly reduce the risk of ST recurrences.     
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12.1         Introduction 

 Medical treatment of coronary artery disease (CAD) has pro-
gressed signifi cantly during the last several decades since the 
introduction of percutaneous coronary intervention (PCI). In 
particular, PCI with drug-eluting stents (DES) has now 
become the standard of care for patients with CAD because 
of the signifi cantly lower rates of both restenosis and target 
lesion revascularization (TLR) compared with either plain 
balloon angioplasty or bare metal stents (BMS) [ 1 – 3 ]. 
However, there are concerns regarding the potential develop-
ment of stent-related major adverse cardiovascular events 
(MACE) during extended follow-up. One of the established 
underlying mechanisms of late or very late stent failure in 

DES is thrombus formation at the sites of uncovered stent 
struts, which occurs due to drug- or polymer-related over-
suppression of neointimal growth [ 4 ,  5 ]. On the other hand, 
accumulated data from clinical studies using intravascular 
optical coherence tomography (OCT) has shown that the 
occurrence of neoatherosclerosis inside both BMS and DES 
is also important in the development of MACE, especially in 
the very late phase after coronary stent implantation.  

12.2     Neointima Formation After Coronary 
Stent Implantation 

 The clinical introduction of BMS has signifi cantly reduced the 
incidence of restenosis, mainly by preventing acute elastic recoil 
and the chronic process of negative remodeling at culprit coro-
nary lesions that are the main causes of restenosis of plain bal-
loon angioplasty. However, even the placement of BMS cannot 
eliminate neointimal overgrowth within the metal scaffold due 
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to the proliferation of vascular smooth muscle cells and the 
 production of extracellular matrix. In fact, the restenosis rate 
of BMS within 6 months to 1 year is approximately 13–30 % 
[ 6 ,  7 ], but the long-term outcome is believed to be benign, with 
an increase in luminal diameter within stented segments when 
BMS has escaped from initial restenosis [ 8 ]. However, a more 
recent study with an extended follow-up duration demonstrated 
[ 9 ] that neointima within BMS exhibits a triphasic luminal 
response characterized by an early restenosis phase until 
6 months, an intermediate- term regression phase from 6 months 
to 3 years, and a late luminal renarrowing phase beyond 4 years. 
These fi ndings suggest that in the late phase the neointimal tis-
sue of BMS is susceptible not only to dimensional changes but 
also qualitative ones, specifi cally development of atherosclero-
sis inside stent struts. Development of atheromatous changes in 
BMS neointima was previously thought to be uncommon, but 
studies with intravascular imaging revealed that the develop-
ment of vulnerable atherosclerotic changes is not rare in BMS 
following at least 5 years of implantation [ 10 ,  11 ]. 

 In comparison, DES inhibit neointimal growth by pharmaco-
logically suppressing vascular smooth muscle cell proliferation 
and extracellular matrix production. Use of DES has signifi -
cantly reduced the rates of both restenosis and TLR compared 
with BMS over mid-term follow-up [ 1 ,  2 ]. However, a recent 
long-term follow-up study of sirolimus- eluting stents (SES), 
fi rst-generation DES, revealed that very late stent thrombosis 
(VLST) and late TLR beyond 1 year after implantation occurred 
consistently and without decline for up to 7 years at annual rates 
of 0.24 and 2.0 % per year, respectively, as compared with annual 
rates of 0.05 % per year and 0.7 % per year after BMS implanta-
tion [ 12 ]. Furthermore, the clinical presentation of acute coro-
nary syndrome (ACS) was more common at the time of late 
versus early TLR after SES implantation. Supporting these 
observations, it has recently been shown that DES are accompa-
nied by delayed and progressive neointimal proliferation during 
long-term follow-up, termed the “late catch up” phenomenon 
[ 13 – 15 ]. Although the mechanism by which continuous growth 
of the DES neointima eventually results in MACE has not been 
elucidated, continuous endothelial cell injury by both cytotoxic 
drug effects and polymer-related chronic infl ammation plays an 
important role in both destabilization and proliferation of neo-
intimal tissue within DES in the very late post-implantation 
phase. In addition, it is possible that unstable and proliferative 
neointima may constitute the pathological background for the 
subsequent development of atherosclerotic changes.  

12.3     Pathohistological Background 
of Neoatherosclerosis 

 The term “neoatherosclerosis” refers to pathohistological 
fi ndings of  de novo  development of atheromatous changes in 
the neointimal tissue of both BMS and DES, similar to those 

that develop intrinsically in native coronary arteries. 
Although the pathogenesis of neoatherosclerosis is not fully 
understood, both systemic risk factors for general atheroscle-
rosis and local factors relating to the stent itself are likely to 
be involved in this process. Recent studies using human 
autopsy samples have shown that neointimal tissue from 
BMS within 1 year after implantation is composed mainly of 
vascular smooth muscle cells and collagen fi bers. However, 
unlike the vascular response after plain balloon angioplasty, 
the vascular tissue around BMS demonstrates prolonged 
chronic infl ammation characterized by accumulation of 
blood cells, including macrophages, T cells, and giant cells 
[ 16 ]. These fi ndings suggest that a foreign-body infl amma-
tory reaction to the metal occurs even in patients with stable 
clinical course. Particularly in BMS implanted for more than 
4 years, probably relating to continuous infl ammation around 
stent struts, decreased smooth muscle cell density has been 
observed around stent struts with evidence of foamy macro-
phage infi ltration and initial fi ndings of atherosclerosis 
[ 16 ,  17 ]. Accordingly, neointimal tissue covering BMS struts 
is subject to stent-related specifi c vascular reaction in addi-
tion to systemic atherosclerotic stimuli that affect native 
coronary arteries, and this tissue then transforms into a neo-
atherosclerotic lesion with unstable features that include 
plaque rupture, erosion, and subsequent thrombus formation. 
Yamaji et al. [ 18 ] performed histological analysis of aspi-
rated thrombus material obtained in BMS with VLST 
(>1 year). Supporting previous autopsy fi ndings, they found 
that evidence of atherosclerotic plaques such as foamy mac-
rophages, cholesterol crystals, and thin fi brous caps, was 
more commonly seen in very late thrombosis cases (31 %) 
than in those in which stent thrombosis occurred during the 
intermediate follow-up period (<1 year) (10 %). 

 Neointimal tissue within DES is exposed to a more aggra-
vated infl ammatory milieu compared to BMS, probably due 
to a complex vascular response that includes an allergic reac-
tion to polymers as well as pharmacological insult to vascu-
lar cells. It has been shown that chronic infl ammation around 
DES struts directly impairs the normal vascular healing pro-
cess and thus induces inadequate endothelial coverage of the 
stent [ 19 ], and that chronic and high-grade infl ammation 
accelerates the spatial heterogeneity of the vascular healing 
process, which in turn correlates with the subsequent devel-
opment of both impaired and excess neointimal growth. 

 Nakazawa et al. [ 20 ] reported the pathohistological char-
acteristics of neointimal tissue in 197 BMS and 209 DES in 
299 autopsy cases. In their study, almost two-thirds of lesions 
had features of advanced atherosclerotic changes in total 
(Fig.  12.1 ). Although there were differences in patient back-
grounds between the two stent arms, the study indicated that 
neoatherosclerotic changes occurred in both BMS and DES, 
with the incidence more frequent in DES (31 % vs 16 %, 
p < 0.001), and these changes occurred signifi cantly earlier in 
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DES compared with BMS (420 days vs 2,260 days, p < 0.001) 
with no evidence of neoatherosclerotic changes in BMS 
within 2 years of implantation. In detail, for implants of 
<2 years, DES demonstrated a greater incidence of any type 
of neoatherosclerosis (DES 29 % vs BMS 0 %, p < 0.001), as 
shown by a greater incidence of foamy macrophage clusters 
(DES 14 % vs BMS 0 %, p < 0.001) and fi broatheromas 
(DES 13 % vs BMS 0 %, p < 0.001). For durations between 2 
and 6 years, DES still showed a higher incidence of neoath-
erosclerosis (DES 41 % vs BMS 22 %, p < 0.001). These 
results suggest that (1) neoatherosclerosis was progressive in 
both types of stents, and (2) neoatherosclerosis in DES had 
more aggressive and unstable characteristics compared with 

BMS. Interestingly, the incidence of atherosclerotic changes 
was signifi cantly higher when BMS were implanted in proxi-
mal segments compared with mid/distal segments of coro-
nary arteries (27 % vs 12 %, p < 0.001). In contrast, such 
differences were not seen in DES (33 % vs 30 %, ns).

   More aggressive development of neoatherosclerotic 
changes in DES compared with BMS might be explained by 
the delayed and incomplete recovery of endothelial cells 
covering the neointimal surface due to cytotoxic or cytostatic 
drugs. It is possible that dysfunctioning endothelial cells or a 
denudated endothelial cell layer over the neointima stimu-
lates the interaction between circulating monocytes and the 
vascular wall, which then leads to earlier development of 
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  Fig. 12.1    Representative images of various stages of newly formed 
atherosclerotic changes within neointima after stent implantation. ( a ) 
Foamy macrophage clusters in the peristrut region of sirolimus-eluting 
stents (SES) implanted for 13 months antemortem. ( b ) Fibroatheroma 
with a foamy macrophage-rich lesion and early necrotic core formation 
in SES of 13 months’ duration. ( c ) Fibroatheroma with peristrut early 
necrotic core, cholesterol clefts, surface foamy macrophages, and early 
calcifi cation ( arrows ) in SES at 13 months. ( d ) Peristrut late necrotic 
core in the neointima characterized by a large aggregate of cholesterol 
clefts in SES at 17 months. ( e ) Fibroatheroma with calcifi cation in the 
necrotic core in SES of 10 months’ duration. ( f ) Peristrut calcifi cation 

( arrows ) with fi brin in SES of 7 months’ duration. ( g ,  h ) A low-power 
magnifi cation image ( h ) of a severely narrowed bare-metal stent (BMS) 
implanted for 61 months with a thin-cap fi broatheroma. Note macro-
phage infi ltration and a discontinuous thin fi brous cap in a high-power 
magnifi cation image ( g ). ( i ) A low-power magnifi cation image shows a 
plaque rupture with an acute thrombus totally occluding the lumen in a 
BMS implanted for 61 months antemortem. ( j ) A high-power magnifi -
cation image shows a discontinuous thin-cap fi broatheroma with occlu-
sive luminal thrombus (Reprinted with permission from Dr. Nakazawa 
with permission from the publisher (From Nakazawa et al. [ 20 ]))       
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unstable atherosclerotic changes in the neointima through 
cell adhesion and cell migration mechanisms. 

 One pathological study examined neoatherosclerosis that 
developed in second-generation DES. Otsuka et al. [ 21 ] studied 
204 lesions that included 46 everolimus-eluting stents (EES) 
from 149 autopsy cases. As expected, EES demonstrated 
greater strut coverage with less infl ammation, less fi brin depo-
sition, and less late and very late stent thrombosis compared 
with the fi rst-generation DES. Nevertheless, the observed fre-
quency of neoatherosclerosis was comparable between these 
devices, indicating that careful long-term follow-up is still 
mandatory even after second-generation DES implantation. 

 Up to this point, there have been no reports on the patho-
histological characteristics of neoatherosclerosis in bioab-
sorbable vascular scaffolds (BVS).  

12.4     IVUS and Angioscopic Findings 
of Neoatherosclerosis 

 It has been diffi cult to precisely identify the characteristics of 
neointimal tissue using intravascular ultrasound (IVUS) 
because of this technique’s relatively low spatial resolution. 
However, several studies have used gray-scale IVUS to eval-
uate the development of atherosclerotic changes within the 
neointima [ 22 ,  23 ]. In particular, Hakim et al. [ 23 ] studied 47 
patients (54 lesions) who received serial IVUS examinations 
for more than 1.5 years after coronary stenting. Calcifi ed 
neointima was observed in 20 % (12 lesions) of patients dur-
ing follow-up, but the possibility of lipid accumulation was 
not assessed in this study. Researchers have begun to evaluate 
changes in neointimal tissue characteristics using new- 
generation IVUS with spectral analysis of ultrasound inten-
sity and frequency [ 24 – 26 ]. Kang et al. [ 24 ] examined tissue 
characteristics of restenotic in-stent neointima after DES and 
BMS using virtual histology intravascular ultrasound 
(VH-IVUS) in 117 lesions (70 DES and 47 BMS). During 
mean follow-up durations of 43.5 months for BMS and 
11.1 months for DES, they observed time-dependent devel-
opment and progression of both necrotic cores and dense cal-
cium deposits within the neointima in both stent types. 

 Coronary angioscopy is able to differentiate neointimal 
characteristics by semi-quantitatively grading yellow color 
tones. A recent study involving serial angioscopic examina-
tions of 26 patients [ 27 ] showed that the incidence of yellow 
plaque and thrombus in BMS increased from the fi rst 
(6–12 months) to second (>4 years) follow-up visits (58 and 
31 %, P < 0.05). In addition, all of the yellow plaques at the 
second follow-up visit protruded from the vessel wall into 
the lumen. Higo et al. [ 28 ] used angioscopy to compare BMS 
with 57 cases of SES in terms of changes in neointimal char-
acteristics. SES promoted more frequent formation of 
 atherosclerotic yellow neointima in stent-implanted lesions 

at 10-month follow-up compared with BMS. In addition, 
intraluminal thrombus was detected more often on yellow 
areas than on white ones, and was never detected where a 
stent was buried under white neointima. It is possible that the 
increased risk of late stent thrombosis in DES lesions may be 
due to newly formed yellow neointima, which is indicative 
of cholesterol accumulation.  

12.5     OCT Findings of Neoatherosclerosis 

 Intravascular OCT is a newly developed intravascular imag-
ing modality with a maximum spatial resolution of 10 μm, 
which is approximately ten times higher than that of conven-
tional IVUS imaging [ 29 – 31 ]. In addition to plaque charac-
terization of native coronary arteries [ 32 ,  33 ], OCT provides 
detailed morphological information about neointimal tissue 
within coronary stents [ 34 – 36 ]. Indeed, innovations in the 
application of OCT to coronary imaging have promoted our 
understanding of neoatherosclerosis after coronary stent 
implantation. 

 Morphological characteristics of the neointima within 
1 year after stent implantation can be categorized into three 
patterns based on OCT appearance [ 37 ]. Figure  12.2  shows 
representative pictures. The homogeneous pattern is charac-
terized by a uniformly signal-rich and low-attenuation 
appearance. This OCT feature is predominantly observed in 
early-stage BMS neointima, and represents stable fi brous tis-
sue. The layered pattern has a signal-poor appearance with a 
high-signal band adjacent to the luminal surface. The hetero-
geneous pattern is mainly signal-poor with islands of various 
signal intensities. In some cases there were mixed neointimal 
patterns. The latter two patterns are frequently observed in 
DES neointima, and represent the deposition of fi brin, plate-
lets, or extracellular matrix proteoglycans during the acute 
phase of implantation. Accordingly, such OCT pattern 
observed within early phase of implantation should be distin-
guished from neoatherosclerosis developing in the chronic 
phase. Figure  12.3  depicts representative fi ndings of a vari-
ety of neoatherosclerotic changes within the neointima of 
either BMS or DES.

12.5.1        BMS 

 Using intravascular OCT, Takano et al. [ 11 ] for the fi rst 
time demonstrated that fi brous neointima could transform 
into lipid-laden neointima in the chronic phase after BMS 
implantation. In their study, 67 % of BMS demonstrated 
conversion to lipid-laden neointima after 5 years of implan-
tation, and plaque angiogenesis (neovascularization) was 
also observed signifi cantly more frequently in the late phase 
(>5 years) than in the early phase (<1 year). Remarkably, 
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  Fig. 12.2    OCT characteristics of neointimal tissue observed in the early post-implantation stage (<1 year). ( a ) Homogenous, ( b ) heterogenous, 
and ( c ) layered patterns. ( b ) and ( c ) are more frequently observed in DES than BMS       
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  Fig. 12.3    OCT    characteristics of neoatherosclerosis observed in the 
intermediate and late post-implantation phases. ( a ) Lipid-laden neo-
intima showing a diffusely bordered, signal-poor region with overlying 
signal-rich homogeneous band ( bidirectional arc ). The minimal thick-
ness of the fi brous cap is 60 m (between the two  white arrows ). ( b ) 
Macrophage infi ltration with high signal accumulation accompanied by 
heterogeneous back shadows ( white arrows ). ( c ) Calcium deposition 
within the stented segment showing a sharply delineated region with a 

mixture of signal-poor and signal-rich areas ( white arrows ). ( d ) 
Neovascularization showing small vesicular or tubular structures of 50- 
to 300 μm diameters ( rectangular box ). ( e ) Neointimal laceration show-
ing irregularities or disruption of the superfi cial intimal lining without 
fi brous cap rupture ( rectangular box ). ( f ) Intra-stent plaque rupture 
showing disrupted fi brous membrane ( white arrow ) with an underlying 
empty cavity (*)       
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 neoatherosclerotic changes were observed in the BMS 
without angiographic restenosis. They also found disrup-
tion of the fi brous cap and thrombus formation associated 
with neoatherosclerotic changes, suggesting a potential role 
of neoatherosclerosis in late stent failure. In selected cases 
with restenosis, Habara et al. [ 38 ] compared the morphologi-
cal characteristics of neointima either very late (>5 years) 
or early after BMS implantation. Almost 90 % of the BMS 
restenotic lesions that occurred in the very late phase were 
accompanied by neoatherosclerotic changes, and peri-stent 
and intra- neointimal microvessels were more frequently 
observed in in-stent restenosis occurring in the very late 
phase.  

12.5.2     DES 

 Neoatherosclerosis occurs more evidently in DES compared 
with BMS. Kang et al. [ 39 ] showed that of 50 restenotic 
lesions in DES that were on average 32 months old, 90 % of 
neointima contained lipid accumulation, and 10 % demon-
strated calcium deposits. In addition, 52 % showed in-stent 
thin-cap fi broatheroma (TCFA) and 29 (58 %) had at least 
one in-stent neointimal rupture. Patients presenting with 
unstable angina showed a signifi cantly thinner fi brous cap 
(55 m vs 100 m, P < 0.006) and higher incidence of TCFA 
(75 % vs 37 %, P < 0.008), intimal rupture (75 % vs 47 %, 
P < 0.044), and intraluminal thrombus (80 % vs 43 %, 
P < 0.010) than stable patients. Interestingly, fi brous cap 
thickness negatively correlated with follow-up time 
(r = −0.318, P < 0.024) after stent implantation. Compared 
with DES implanted more recently than 20 months, those 
placed at least 20 months prior to the study had a higher inci-
dence of TCFA (69 % vs 33 %, P < 0.012) and red thrombus 
(27 % vs 0 %, P < 0.007). Patients with unstable angina dem-

onstrated an increasing number of unstable fi ndings on OCT, 
including TCFA, neointima rupture, and thrombus. The 
authors showed that in- stent neoatherosclerosis possibly cor-
relates with DES failure, especially late after implantation.  

12.5.3     BMS vs DES 

 As previously mentioned, there are substantial differences 
between BMS and DES in terms of the incidence and time 
course of neoatherosclerosis development. Yonetsu et al. 
[ 40 ] recently used OCT to compare the characteristics of 
neoatherosclerosis in 56 BMS and 82 DES cases. They cat-
egorized 138 stents with neointima (>100 μm) based on time 
since implantation: early phase (<9 months), intermediate 
phase (9–48 months), and delayed phase (>48 months) [ 40 ]. 
In the early phase, a greater incidence of lipid-laden plaque 
(37 % vs 8 %, p < 0.02) was found in DES than in BMS. This 
relation was also evident in the intermediate phase. In the 
delayed phase, however, incidence of neoatherosclerosis was 
similar between the two stent types in total. A similar pattern 
was observed regarding the incidence of lipid-rich plaque 
(LRP), defi ned as a plaque with a lipid arc >90° (Fig. 12.4 ). 
These fi ndings support previous pathological data showing 
earlier development of neoatherosclerosis in DES than in 
BMS [ 20 ]. In addition, in both stent types the incidence of 
lipid-laden plaque, intra-intimal neovascularization, and 
TCFA were signifi cantly greater in cases with symptomatic 
restenosis than in those with asymptomatic restenosis. Thus, 
lipid-rich neoatherosclerosis develops inside stents earlier in 
DES than in BMS. After 48 months, most restenotic stents 
will have developed lipid-laden neointima in both groups. 
The same group [ 41 ] demonstrated that cutoff durations for 
the development of neoatherosclerosis in DES and BMS 
were 14 and 55 months, respectively.
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  Fig. 12.4    Oct comparison of different neoatherosclerosis parameters 
between DES and BMS over time. ( a ) Incidence of lipid-laden plaque 
and ( b ) % lipid-rich plaque (LRP). LRP is defi ned as a plaque with a 
lipid arc >90°, and %LRP is calculated as the number of cross-sections 
with LRP divided by the total number of analyzed cross-sections of 

plaque × 100. *Signifi cant difference using Duncan’s multiple range 
post hoc test at a 5 % signifi cance level.  E  early phase (<9 months),  I  
intermediate phase (>9 to <48 months),  D  delayed phase (>48 months) 
(Reprinted with permission from the publisher (FromYonetsu et al. 
[ 40 ]))       
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12.5.4        OCT-Derived Insight into 
the Pathogenesis of Neoatherosclerosis 

 The precise mechanism of neoatherosclerosis development 
remains unknown, but recent OCT studies have provided 
important clues in this regard. 

 Tian et al. [ 42 ] studied the spatial distribution of neoath-
erosclerotic changes and evaluated the relation between neo-
atherosclerosis and tissue characteristics around the stent 
edge reference segment. In their study, neoatherosclerosis 
was (1) more frequent in the proximal and distal sections than 
in the mid-sections of stents, (2) more frequently observed in 
stents with neointimal formation of microvessels, and (3) sig-
nifi cantly more frequent when the adjacent plaque in the edge 
reference segment was rich in lipid content. These fi ndings 
suggest that introduction of microvessels into neointima plays 
an important role in the formation of neoatherosclerosis, and 
that lipid-rich segments adjacent to stent edges are important 
in the formation of microvessels that supply blood during 
neointimal and neoatherosclerotic development. 

 Furthermore, a recent study by Vergallo et al. showed a posi-
tive correlation between the degree of neointimal hyperplasia 
and the presence of neointimal lipid accumulation [ 43 ]. They 

observed that stents of both types with greater neointimal thick-
ness had a signifi cantly greater prevalence of lipid-laden neo-
intima, but the time course of neoatherosclerotic changes were 
different between BMS and DES (Fig.  12.5 ). Additionally, 
in DES, the magnitude of lipid accumulation was positively 
related to the degree of neointimal hypertrophy. This associa-
tion was independent of stent type and time since implanta-
tion, and suggests a possible pathogenic link between the two 
processes. These results agree with data from a previous OCT 
study, in which neoatherosclerosis was more frequently iden-
tifi ed in patients with restenosis than without restenosis [ 27 ]. 
Neointimal hypertrophy and neoatherosclerosis might share 
similar underlying mechanisms involving chronic infl ammation 
and endothelial dysfunction, as suggested by the involvement 
of proinfl ammatory cytokines and the impairment of the nitric 
oxide pathway. In addition, the extensive neointimal hypertro-
phy that typically develops inside BMS likely maintains and 
amplifi es fl ow disturbances inside the stent (restenosis- induced 
low endothelial shear stress: ESS), favoring further neointimal 
proliferation and ultimately resulting in neoatherosclerotic 
degeneration. This “ESS hypothesis” could explain the late 
occurrence of neoatherosclerosis and its preferential edge loca-
tion observed in BMS. In contrast, incompetent and incomplete 
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  Fig. 12.5    Time course and 
relation between neointimal 
hyperplasia and neoatheroscle-
rosis. ( a ) In the BMS group, 
there is no difference in mean 
NIT among stents in different 
phases. However, the prevalence 
of NA differs among stents in 
different phases, with signifi -
cantly higher values in stents in 
the late phase compared with 
those in the early and interme-
diate phases. ( b ) In the DES 
group, mean NIT and preva-
lence of NA are progressively 
greater across the three groups. 
† Indicates signifi cance after 
adjustment with Bonferroni’s 
correction (Reprinted with 
permission from the publisher 
(From Vergallo et al. [ 43 ]))       
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endothelialization after DES implantation induces an infl amma-
tory response stimulating neointimal growth and lipid deposi-
tion into the subendothelial space, causing earlier development 
of neoatherosclerosis compared with BMS.

12.5.5        Risk Factors for Neoatherosclerosis 

 The predictive factors for the development of neoatherosclero-
sis have not been established. Yonetsu et al. [ 41 ] examined 179 
stents in 151 patients and evaluated the infl uence of patient char-
acteristics, stent type, and time since stent implantation (stent 
age) on the development of lipid-laden neointima or calcifi ca-
tion inside the stents (Table  12.1 ). In multivariate analysis, stent 
age ≥48 months, all subtypes of DES, current smoking, chronic 
kidney disease, and use of angiotensin-converting enzyme 
inhibitors (ACE-I) or angiotensin II receptor blockade (ARB) 
remained independent predictors for neoatherosclerosis. 
Because current smoking and chronic kidney disease are estab-
lished risk factors for native coronary atherosclerosis, a similar 
mechanism is likely to be involved in neoatherosclerosis forma-
tion. In addition, these results may support the importance of 
secondary prevention after stent implantation regardless of stent 
type. It is interesting that ACE-I and ARB were protectively 
correlated with neoatherosclerosis. These drugs are widely used 
to reduce cardiovascular events in the secondary prevention of 
coronary heart disease [ 44 ,  45 ]. Moreover, it has been reported 
that  pharmacologic therapy with ACE-I or ARB reduces neo-
intima proliferation and restenosis after stent implantation [ 46 , 
 47 ]. Prospective studies to evaluate the effects of ACE-I and 
ARB on the prevention of neoatherosclerosis are warranted.

12.5.6        Neoatherosclerosis in Second- 
Generation DES 

 Previous data on neoatherosclerosis were mostly available only 
for BMS and fi rst-generation DES. Newer generation DES have 
not been adequately investigated. The OCT study by Tian et al. 
[ 42 ] showed that neoatherosclerosis occurred in 25.6 % of EES 
by 12.3 months after stent implantation. These results were 
comparable to those of a recent pathohistological study on sec-
ond-generation DES [ 21 ], and demonstrate that neoatheroscle-
rosis occurs earlier even in second-generation DES than in 
BMS, especially in restenotic lesions after DES implantation. It 
should be noted that at this time there are no studies examining 
neoatherosclerosis in bioabsorbable vascular scaffolds.   

12.6     Clinical Signifi cance 
of Neoatherosclerosis 

 A recent multicenter clinical study, PROSPECT [ 48 ], dem-
onstrated that secondary MACE occur almost equally at the 
sites of stent-implanted culprit lesions and non-culprit 
lesions in ACS patients, and that the 3-year cumulative rate 
of MACE attributable to culprit lesions with previous stent 
implantation was 12.9 %. Furthermore, a recent large cohort 
study revealed that the incidence of TLR and VLST in 
patients treated with fi rst-generation DES continued to 
increase up to 7-year follow-up (12.4 and 1.43 %, respec-
tively) [ 12 ]. These observations strongly indicate the impor-
tance of neoatherosclerosis in triggering stent-related MACE 
in the chronic post-implantation phase. 

 Final multivariate model (n = 179) 

 Adjusted odds ratio  95 % CI  P 

 Stent age >48 months  10.45  3.71–29.41  <0.001 
 DES 
 SES  3.86  1.44–10.38  0.007 
 PES  24.17  6.02–97.02  <0.001 
 ZES  7.18  1.51–34.21  0.013 
 EES  6.46  1.65–25.34  0.007 
 BMS  1  –  – 

 Age >65 years  1.84  0.85–3.97  0.121 
 Hypertension  1.87  0.77–4.52  0.166 
 Hyperlipidemia  1.01  0.39–2.61  0.982 
 Diabetes mellitus  1.12  0.53–2.43  0.765 
 Smoking  7.03  2.46–20.04  <0.001 
 LDL-C >100 mg/dL 
 TG >150 mg/dL 
 CKD  3.69  1.10–12.35  0.035 
 Statin use  0.46  0.14–1.55  0.213 
 ACE-I/ARB use  0.39  0.17–0.91  0.028 

  From Yonetsu et al. [ 41 ] 
  DES  drug-eluting stents,  SES  sirolimus-eluting stents,  PES  paclitaxel-eluting stent,  ZES  zotarolimus-eluting 
stents,  EES  everolimus-eluting stents,  BMS  bare metal stents,  LDL-C  low-density lipoprotein cholesterol,  TG  
triglyceride,  CKD  chronic kidney disease (estimated glomerular fi ltration rate <60 mL/min per 1.73 m 2 ), 
 ACE-I  angiotensin-converting enzyme inhibitors, and  ARB  angiotensin receptor blocker  

  Table 12.1    Predictors for 
neoatherosclerosis  
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 Indeed, Amabile et al. [ 49 ] used OCT to identify the 
presence of neoatherosclerosis in patients who suffered 
from VLST. In 20 coronary segments with defi nite VLST, 
10 cases were revealed to have neoatherosclerosis. OCT 
analysis revealed signifi cantly thicker neointimal cover-
age as well as a lower number of uncovered struts in 

 neoatherosclerotic lesions compared with non-VLST 
patients, suggesting that neoatherosclerosis plays an 
important role in stent-related MACE in the very late 
phase by itself. Figure  12.6  shows a case of ACS who 
developed thrombus formation at the plaque rupture site 
in a neoatherosclerotic lesion.

a

c d e

f g h

b

  Fig. 12.6    Acute coronary syndrome due to thrombus formation at a neo-
atherosclerotic lesion. A 73-year-old man was admitted with a diagnosis 
of ST-elevation myocardial infarction. Eight years earlier he had been 
treated with a bare metal stent at the distal RCA. Coronary angiography 
( a ) shows subtotal thrombotic occlusion at the center of the BMS ( b , 
 bidirectional arrow ). OCT examination was performed after thrombus 

aspiration. ( c ) Proximal stent edge showing macrophage infi ltration. ( d ) 
Neointimal proliferation with lipid accumulation. ( e ) Intra- stent red 
thrombus formation. ( f ) Neointimal fi brous cap rupture and thrombus for-
mation. ( g ) Circumferential lipid accumulation. ( h ) Distal stent edge 
showing fi brous neointima with macrophage infi ltration       
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   Furthermore, the development of neoatherosclerotic 
changes correlated with the occurrence of periprocedural 
myocardial infarction. In addition, Ali et al. [ 50 ] used OCT 
and near-infrared spectroscopy to characterize neoathero-
sclerosis in 65 stents in consecutive symptomatic patients 
with in-stent restenosis. They found that neoatherosclerotic 
changes were associated with increased risk of periproce-
dural myocardial infarction in DES compared with BMS. 

 As of now, the incidence of and the event rate for neoath-
erosclerosis have been estimated based on retrospective 
observational studies. In order to clarify the natural history 
of neoatherosclerosis as well as a causative relation with late 
MACE, prospective cohort studies are necessary.  

    Conclusions 

 The clinical utilization of OCT has provided insight into 
the development of neoatherosclerosis within the neo-
intima of both BMS and DES, a process important in the 
mechanism of late and very late adverse outcomes in CAD 
patients with previous coronary metal stents. It is expected 
that further improvements and new innovations in intravas-
cular imaging will enhance our understanding of the com-
plex vascular response to intravascular devices, and will 
improve the long- term prognosis in patients with CAD.     
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13.1         Introduction and Rationale 
for the Use of Bioresorbable Scaffolds 

 In the past decades, the applications of percutaneous coro-
nary intervention (PCI) have expanded steadily from balloon 
angioplasty, the use of bare metal stents, their refi nement to 

drug-eluting stents, and currently fully bioresorbable (drug- 
eluting) stents are being developed. Fully bioresorbable scaf-
folds potentially allow for late luminal enlargement, late 
expansive remodelling and the return of vasomotion. The 
absence of residual foreign material and the subsequent res-
toration of endothelial coverage may address currently used 
stents’ limitations including permanent caging with or with-
out malapposition, jailing of side branches and late stent 
thrombosis [ 1 ]. 

 Today, numerous bioresorbable polymer or metal scaf-
folds are undergoing preclinical and clinical testing 
(Table  13.1 ). The most frequently used polymer is Poly-l- 
Lactide Acid (PLLA), which is widely used in clinical appli-
cations such as surgical sutures for wound closure, 
orthopaedic implants and dialysis media. The application of 
polymers as scaffolds in coronary arteries, however, still 
faces several challenges.

      Bioabsorbable Stent 

           Nienke     Simone     van     Ditzhuijzen     ,     Antonios     Karanasos     , 
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    Abstract  

  Fully bioresorbable scaffolds are a promising approach to the treatment of coronary artery 
disease. The absence of residual foreign material and subsequent restoration of endothelial 
coverage may address the safety concerns associated with metallic drug-eluting stents such 
as permanent caging of the artery with or without malapposition, jailing of side branches 
and late stent thrombosis. 

 Currently, numerous bioresorbable scaffolds – the majority composed of bioresorbable 
polymers, and some of absorbable metals – are being developed. Coronary angiography is 
limited in its ability to visualize the scaffold, because of its low spatial resolution and the 
radiolucence of the scaffold’s polymer backbone. 

 Angiography alone cannot diagnose scaffold expansion, its interaction with the vessel 
wall or scaffold degradation over time. 

 Intracoronary imaging techniques such as intravascular ultrasound (IVUS) or optical 
coherence tomography (OCT) can overcome these limitations and allow for the evaluation 
of coronary arteries and scaffolds in great detail. OCT is particularly well suited for the 
assessment of atherosclerotic plaque, the scaffold and tissue coverage, and allows for 
detailed evaluation on the individual strut level.  

  Keywords  

  Bioresorbable scaffold   •   BRS   •   Optical coherence tomography   •   OCT  
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13.2        Challenges for the Evaluation 
of Bioresorbable Scaffolds 

 Bioresorbable scaffolds should possess a variety of key char-
acteristics that are set by metallic stents, such as widespread 
availability, storage under standard conditions in the cathe-
terization laboratory, fast preparation of the device, wide 
ranges of available sizes and lengths, a low crossing profi le, 
good visibility under X-ray and a controlled and predictable 
expansion range. Polymeric scaffolds have however different 
material characteristics than metallic stents. The fi rst 
 polymeric scaffolds had to be stored under special conditions 
and had a shorter shelf-life than metallic stents. Today’s bio-
resorbable scaffolds have similar storage conditions and 
shelf- lives to metallic stents. 

 Compared to metallic stents, bioresorbable materials are 
relatively rigid and non-elastic, resulting in the weakening of 
the polymeric scaffold by expansion and deformation, thus 
requiring careful sizing to the coronary artery dimensions. 
The majority of scaffolds have a balloon-expandable design, 
but there are also scaffolds with a self-expanding design 

(Igaki-Tamai) [ 2 ] or a slide-and-lock design (REVA), that is 
deployed by sliding open and is locked into place [ 3 ]. 

 Another important difference between the stent types lies 
in the fact that polymers are invisible under X-ray and thus 
suffer from poor visualization by coronary angiography. 
Most of the scaffolds are equipped with radio-opaque mark-
ers on both ends of the scaffold or on both ends of the deliv-
ery balloon [ 2 ,  4 ,  5 ], whereas in the REVA bioresorbable 
scaffold a proprietary iodinated material is added to the poly-
mer that allows visualization of the entire scaffold under 
X-ray [ 3 ]. 

 Coronary angiography is limited to assess scaffold expan-
sion or scaffold degradation over time due to the poor spatial 
resolution and the radiolucence of the scaffold’s polymer 
backbone. Furthermore, coronary angiography tends to 
underestimate the vessel dimensions (Fig.  13.1 ) [ 6 ,  7 ]. 
Intracoronary imaging techniques such as intravascular 
ultrasound (IVUS) or optical coherence tomography (OCT) 
can overcome these limitations [ 8 ,  9 ]. IVUS can provide 
real-time high-resolution cross-sectional images of the ves-
sel wall and scaffold. IVUS, however, has a tendency to 

   Table 13.1    Bioresorbable scaffolds under clinical evaluation   

 Scaffold  Manufacturer  Design  Drug-elution  Strut thickness (μm)  
 Resorption time 
(months) 

 Polymeric 
 Igaki-Tamai  Kyoto medical  Zigzag hoops  No  170  24–36 
 BVS1.0  Abbott vascular  Circumferential hoops  Everolimus  150  24–48 
 BVS1.1  Abbott vascular  In-phase zigzag hoops 

linked by bridges 
 Everolimus  150  36–60 

 DESolve gen 1  Elixir medical  In-phase zigzag hoops 
linked by bridges 

 Myolimus  150  12–25 

 DESolve gen 2  Elixir medical  In-phase zigzag hoops 
linked by bridges 

 Novolimus  150  12–25 

 REVA  Reva medical  Slide-and-lock  No  114–228  4–6 
 ReZolve  Reva medical  Slide-and-lock  Sirolimus  114–228  4–6 
 ReZolve2  Reva medical  Slide-and-lock  Sirolimus  114–228  4–6 
 ART  Arterial remodeling 

technologies 
 Zigzag hoops  No  170  18–24 

 IDEAL  Xenogenics  In-phase zigzag hoops 
linked by bridges 

 Sirolimus  200  Unknown 

 Xinsorb  Huaan biotech  Zigzag hoops  Sirolimus  160  12–24 
 ON-ABS  OrbusNeich  Zigzag hoops  Abluminal Sirolimus 

and luminal + CD34 
 150  Unknown 

 FORTITUDE  Amaranth  In-phase zigzag hoops 
linked by bridges 

 No  120  12–24 

 FORTITUDE gen 2  Amaranth  In-phase zigzag hoops 
linked by bridges 

 Sirolimus  120  12–24 

 Metallic 
 AMS  Biotronik  Tubular slotted  No  Unknown  4–6 
 DREAMS gen 1  Biotronik  Zigzag hoops  Paclitaxel  120  12 
 DREAMS gen 2  Biotronik  In-phase zigzag hoops  Sirolimus  140  12 
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slightly overestimate vessel dimensions (Fig.  13.1 ) and is 
hampered by the echogenic blooming effect caused by the 
polymeric struts (Fig.  13.2 ). Additionally, the limited resolu-
tion of IVUS (80–150 μm) compared to OCT (10–15 μm) 
and the speckled echo signal from blood – that decreases the 
contrast between the lumen and vessel wall – make the 
assessment of scaffold expansion and especially the diagno-
sis of malapposition diffi cult by IVUS.

    The high resolution of intracoronary OCT and the high 
contrast between lumen and vessel wall (Fig.  13.2 ) offers 
advantages for the assessment of atherosclerotic plaque [ 10 ], 
scaffold apposition (Fig.  13.3 ) and tissue coverage [ 11 ,  12 ] 
and demonstrated consistently high accuracy and reproduc-
ibility in the assessment of coronary stents and scaffolds, irre-
spective of the analysis method or software used [ 13 – 18 ].

13.3        Intracoronary OCT Imaging 
of Bioresorbable Scaffolds 

 Intracoronary OCT enables high-resolution,  in - vivo , serial 
imaging of the scaffold and has proven benefi cial for the 
straight-forward detailed evaluation of atherosclerotic 
lesions and their composition, the vascular injury caused by 
the implantation procedure, the expansion, the apposition 
(Fig.  13.3 ) and mechanical integrity of the scaffold over 
time, the effect of the underlying plaque on the performance 
of the scaffold, and the position of the scaffold relative to the 
side branches [ 19 – 23 ]. 

13.3.1     OCT Can Reliably Guide Treatment 
Strategy 

 Currently available bioresorbable scaffolds have relatively 
thick struts (114–228 μm), resulting in a relatively high 
crossing profi le. This means that adequate lesion prepara-
tion, e.g. by Pre-dilatation, or another appropriate technique, 
is crucial to pass the device for implantation. Accurate deter-
mination of the lumen size and lesion characteristics prior to 
bioresorbable scaffold implantation is important to ensure 
appropriate sizing of the device. For instance, the Absorb 
bioresorbable vascular scaffold (BVS) (Abbott Vascular, 
Santa Clara, CA) allows for a maximum over- expansion of 
0.5 mm compared to the nominal scaffold diameter. Post-
dilatation with balloons infl ated >0.5 mm above the indi-
cated scaffold diameter increases the risk of fracture. OCT 
can accurately determine lumen and vessel dimensions as 
well as lesion characteristics and thus guide treatment strat-
egy, in terms of the selection of an appropriate balloon and 
scaffold diameter and length [ 6 ].  

13.3.2     OCT Can Precisely Assess Scaffold 
Expansion and Strut Apposition 

 The major concern in inadequate scaffold expansion and 
incomplete strut apposition is that it can cause non-laminar and 
turbulent blood fl ow that can trigger platelet activation, throm-
bosis or restenosis [ 24 ,  25 ]. OCT allows for the assessment of 
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scaffold expansion in relation to the distal and proximal refer-
ence segments and to side branches, as well as strut apposition 
against the vessel wall. The accurate evaluation of scaffold 
expansion and apposition decreases the risk of incomplete scaf-
fold expansion, recoil, fracture or thrombosis [ 26 ,  27 ].  

13.3.3     OCT Can Reliably Assess Scaffold 
Strut Distribution 

 Scaffold strut distribution can infl uence the concentrations of 
drug reached within the vessel wall, the radial support of the 
vessel wall and the access to side branches. Therefore, assess-
ment of the scaffold strut distribution is important. Non-
uniform strut distribution, which is hypothesized to be caused 
by calcifi ed deposits occupying >75° of the vessel  circumference 

[ 28 ], may cause non-uniform drug- concentrations within the 
vessel wall, potentially affecting long-term outcome [ 29 ]. OCT 
allows for detailed analysis of the composition of the athero-
sclerotic lesion, including the size and extent of calcium, and of 
the strut distribution pattern, including the assessment of the 
maximum circular unsupported surface area as well as the 
assessment of side branch access through the scaffold struts 
and the impact of struts on side branch patency [ 30 – 33 ].  

13.3.4     OCT Can Accurately Assess Scaffold 
Strut Coverage 

 The absence and the exaggerated development of neointimal 
coverage, potentially with the subsequent development of neo-
atherosclerosis, have been related to late (drug-eluting) stent 

a b

c d

  Fig. 13.2    OCT and IVUS immediately after Absorb BVS-implantation 
in a patient with stable angina. The OCT cross-section ( a ) and magnifi ca-
tion ( c ) demonstrate a box-shaped appearance of the scaffold struts 
( arrow ), while in the IVUS cross-section ( b ) and magnifi cation ( d ) the 

scaffold struts have a double-strut appearance due to the echogenic bloom-
ing effect of the polymeric struts of the Absorb bioresorbable vascular 
scaffold (Abbott Vascular, Santa Clara, USA). The  arrowheads  indicate a 
calcifi ed region visible in both the OCT ( a ) and IVUS ( b ) cross-section       
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thrombosis [ 34 ,  35 ]. OCT can reliably detect early and very 
thin layers of coverage on top of scaffold struts and permits the 
quantifi cation of the coverage with high reliability [ 27 ,  36 ]. 
OCT allows the assessment of scaffold area, neointimal area 
and symmetry as well as lumen area [ 37 – 39 ] and permits the 
qualitative characterization of neointimal tissue [ 40 ,  41 ].  

13.3.5     OCT Allows for Detailed Assessment 
of Scaffold Strut Degradation 

 Scaffold strut degradation is of growing clinical interest. 
OCT can visualize with detail the appearance of the scaffold 
struts and changes in the strut-appearance over time [ 4 ]. In 
the fi rst-in-man evaluation of the Absorb bioresorbable 
 vascular scaffold (BVS), OCT demonstrated changes in the 
optical properties of the scaffold struts. 

 Preclinical observations in coronary arteries of healthy 
swine demonstrated that OCT can accurately diagnose indi-

vidual struts as well as the strut/vessel wall interaction 
acutely (Fig.  13.4 ) and over time. At the 4 year follow-up, 
OCT demonstrated absence of struts in the vascular wall, 
with complete degradation of the scaffold confi rmed by his-
tology. It is important to note that at the mid-term follow-up 
(2 years) OCT demonstrated a box-shaped appearance of the 
scaffold strut that can be associated with strut replacement 
by proteoglycan [ 42 ].

13.3.6        Advantage of Three-Dimensional OCT 

 The unique ability of OCT to reconstruct three-dimen-
sional (3D) images allows better visualization of the scaf-
fold surface and can provide additive information on the 
result of PCI, particularly in complex lesions [ 43 ,  44 ]. 
The application of 3D OCT within the coronary bifurca-
tion seems promising, as the visualization of the complex 
anatomy of the bifurcation and the effects of  intervention 

a b c
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  Fig. 13.3    OCT can accurately detect scaffold apposition and peri- 
procedural vessel injury. OCT cross-sections of Absorb BVS demon-
strate mild malapposition ( a ), intra-scaffold dissection ( b ;  arrows ), edge 
dissection ( c ;  arrow ), scaffold overlap ( d ;  arrows ), tissue protrusion 
between the scaffold struts ( e ;  arrows ) and residual thrombus on top of 

the struts ( f ;  arrows ) after implantation of an Absorb BVS for ST-elevation 
myocardial infarction. The  asterisk  (*) indicates the guidewire artefact, 
the  circle  indicates the platinum marker of the scaffold strut. The  dotted 
rectangles  indicates the magnifi cation       
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are diffi cult and not always reliable with two-dimensional 
imaging [ 32 ,  45 ]. 3D-OCT can identify the confi guration 
of overhanging struts in front of the side branch ostium 
and can be helpful to assess and correctly position the 
guide wire.   

13.4     Clinical Experience 

 Numerous bioresorbable scaffolds have been investigated in 
humans [ 46 ]. Some have demonstrated disappointing fi rst 
fi ndings [ 47 ], while others, e.g. the ABSORB trials, have 
proven more encouraging fi ndings [ 4 ]. 

13.4.1     Polymeric Bioresorbable Scaffolds 

13.4.1.1     Igaki-Tamai 
 The Igaki-Tamai (Igaki Medical Planning Co., Kyoto, 
Japan) represents the fi rst fully biodegradabable scaffold 
tested in humans in the 1990’s [ 2 ]. It was a self-expanding, 
poly-l- lactic acid (PLLA) based, non drug-eluting scaffold 
with a zigzag design and a strut thickness of 170 μm. The 
scaffold was compatible with 8 F guide catheters and 

required storage and expansion at a pre-specifi ed 
temperature. 

 A clinical trial in 15 patients proved feasibility and demon-
strated remarkable results with a target lesion revascularization 
rate per patient of 6.7 % at 6 months [ 2 ]. Six-month intravascu-
lar imaging demonstrated no degradation of the scaffold and 
the absence of scaffold shrinkage. At the 10-year follow-up, 
similar major adverse cardiac event (MACE) rates to those of 
bare metal stents (MACE-free survival was 50 % at 10 years) 
were documented [ 48 ] and OCT demonstrated that just the 
scaffold markers were still visible (Fig.  13.5 ). Despite the good 
results, however, further use of the scaffold for treatment of 
coronary disease was put on hold, mainly because of the pre-
specifi ed temperatures required for storage and expansion.

13.4.1.2        Absorb BVS 
 The Absorb bioresorbable vascular scaffold (Abbott Vascular, 
Santa Clara, CA) represents the scaffold with the vastest 
clinical experience. The scaffold is constructed of a poly-L-
lactic acid (PLLA) backbone coated with poly-D,L- lactic 
acid (PDLLA) that contains the antiproliferative drug evero-
limus and controls its release (Fig.  13.4 ) [ 49 ]. 

 In the  ABSORB Cohort A trial , a prospective, multi-center 
registry in 30 patients with a single,  de - novo  target lesion in 

a

c
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  Fig. 13.4    OCT and histology of the Absorb BVS immediately after 
implantation in a healthy, young swine. OCT ( a ,  c ) can accurately visual-
ize the vessel/ wall interaction after implantation of an Absorb bioresorb-
able vascular scaffold (Abbott Vascular, Santa Clara, CA, USA) in a 
coronary artery of a healthy, young swine. In the magnifi cation the typical 

box-shaped appearance of the scaffold struts can be appreciated, which 
slightly compress the media ( c ), as confi rmed by the histological cross-
section ( b ). The  circle  indicates the platinum marker of the scaffold strut. 
The  arrows  indicate the indentation of the scaffold on histology       
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a native coronary artery, the fi rst-generation BVS (BVS1.0) 
was investigated [ 4 ]. The majority of patients received a 
3.0 × 12.0 mm scaffold, two patients received a 3.0 × 18 mm 
scaffold. The BVS1.0 was designed with a crossing profi le of 
1.4 mm in circumferential hoops and a strut thickness of 
150 μm that were either directly joined or linked by straight 
bridges. The scaffolds had to be kept at a minimum tempera-
ture of −20 °C to prevent physical aging of the polymer and 
to ensure device stability. 

 This fi rst-in-man-trial trial demonstrated the feasibility of 
the everolimus-eluting BVS1.0. Procedural success was 
100 %, and device success 94 % [ 4 ,  50 ,  51 ]. At 1 year, the 
MACE-rate was 3.3 % of 30 patients. One patient suffered a 
non-Q wave myocardial infarction. There were no late stent 
thromboses. At 2 years vasomotion restored, and the scaffold 
was clinically safe without cardiac death, ischaemia-driven 
target lesion revascularisation, or stent thrombosis [ 4 ,  50 ]. 
Long-term results up to 5 years confi rmed favourable clini-
cal outcomes, without any cardiac death or scaffold throm-
bosis and ischaemia-driven MACE rate remained unchanged 
(3.4 % of 29 patients) [ 52 ]. Furthermore, late luminal 
enlargement (Fig.  13.6 ) without adaptive vessel remodelling 
was observed up to 5 year follow-up [ 53 – 56 ].

   The OCT substudy of this fi rst-in-man trial, including 13 
patients, described changes of the strut appearance at follow-
 up that were thought to be associated with degradation of the 
scaffold over time. 

 In the preclinical study of the BVS1.0 implanted in 
healthy young swine, however, the assessment of polymer 
degradation by chemical analysis demonstrated that the pres-
ervation of the box-shaped appearance did not exclude 
resorption of polymeric struts [ 42 ]. Two years after implan-
tation, the polymer was no longer accurately quantifi able by 
chemical degradation analysis, but the structures observed 
with OCT represented regions corresponding to the location 

of the scaffold struts. At the 4 year follow-up, OCT demon-
strated an absence of struts in the vascular wall, indicating its 
ability to assess complete degradation of the scaffold 
 in - vivo . 

 In the  ABSORB Cohort B trial , a prospective, multi-centre 
registry of patients with a single,  de - novo  target lesion in a 
native coronary artery, the second-generation Absorb BVS 
(BVS 1.1) was investigated. The BVS1.1 is similar to the 
BVS1.0 with the same polymer mass, strut thickness and 
drug coating. The manufacturing process of the BVS1.1 has 
however been modifi ed to enhance the mechanical strength 
and durability of the struts [ 30 ]. The BVS1.1 has in-phase 
zigzag hoops linked by bridges that allow for more uniform 
strut distribution, reducing the maximum circular unsup-
ported surface area and providing more uniform vessel wall 
support and drug transfer [ 33 ]. 

 Clinical results demonstrated a low MACE-rate at 
6 months (4.4 %), representing one myocardial infraction 
and one target lesion revascularization. No death or throm-
bosis occurred [ 57 ]. At 1 year, the MACE-rate was 7.1 %, 
representing two myocardial infarctions and 2 target lesion 
revascularizations, whereas no cardiac death occurred. At 
3 years, the MACE-rate was 10.0 % without any scaffold 
thrombosis. The return of vasomotion was observed at 
12 months and more pronounced at 24 months, suggesting a 
link between scaffold degradation and restoration of vaso-
motion in the treated segments [ 58 ]. 

 The OCT substudy demonstrated preservation of the box- 
shaped appearance of the scaffold struts at 6 months [ 30 ], 
which is in line with preclinical observations in atheroscle-
rotic swine [ 59 ] 6 months after Absorb BVS1.1 implantation 
(Fig.  13.7 ).

   In the  ABSORB EXTEND trial , a non-randomized, single- 
arm, continued access trial, 800 patients with up to two  de 
novo  lesions in a native coronary artery were treated with 
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  Fig. 13.5    Angiography and OCT 10 year after implantation of an 
Igaki-Tamai scaffold in a patient with stable angina. Optical coherence 
tomography cross-sections ( a – f ) demonstrate that only the markers of 
the scaffold are still visible ( a ,  c ), while the remaining struts are not. 

The  asterisk  (*) indicates the guidewire artifact,  SB  side branch. The 
 rectangles  indicate the magnifi cations on the bottom and the  red circles  
indicate the markers of the scaffold       
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  Fig. 13.6    Angiography and OCT of an 
Absorb BVS immediately after, 6 months 
and 2 and 5 year after implantation in a 
patient with stable angina. The distal and 
proximal edge of the scaffold are depicted 
by white lines in the coronary angiogram 
( left ). The box-shaped appearance of the 
scaffold struts can be clearly visualized by 
OCT immediately after implantation. At 
5 year follow-up, the marker of the scaffold 
strut is visible ( red circle ), while the 
remaining scaffold struts are not. The  asterisk  
(*) indicates the guidewire artefact       
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BVS 1.1 to continue the assessment of the safety and perfor-
mance of the BVS1.1 in a large and more complex popula-
tion. The preliminary report of the 12-month clinical 
outcomes for the fi rst 512 patients demonstrated that the 
composite endpoints of ischaemia-driven MACE and 
ischaemia- driven target vessel failure were low (4.3 and 
4.9 %, respectively). The cumulative rate of defi nite and 
probable scaffold thrombosis was 0.8 % [ 60 ]. 

 Other clinical trials that are underway include the 
 ABSORB II  and  the ABSORB III and IV pivotal clinical trial 
programs . The  ABSORB II trial  is the fi rst randomized trial 
designed to compare the safety and effi cacy of the BVS1.1 
versus Xience prime in 500 patients with stable angina and 
single or two vessel disease [ 61 ]. The  ABSORB III and IV 
pivotal clinical trial programs  are randomized trials designed 
to achieve approval of BVS1.1 in the United States of 
America and to demonstrate the superiority of BVS1.1 com-
pared to drug-eluting stents [ 62 ].  

13.4.1.3     DESolve 
 The DESolve (Elixir Medical, Sunnyvale, USA) scaffold is a 
PLLA-based scaffold that contains the anti-proliferative drug 
myolimus, has a strut thickness of 150 μm, 2 platinum- based 
radiopaque markers at either end of the scaffold, provides ves-
sel support for 3–4 months and fully resorbs in about 1 year. 

 In  the DESolve First - in - Man  study, a prospective, non- 
randomized, multi-centre study, 16 patients with  de novo  
native coronary artery lesions were included and the feasibil-
ity and effi cacy of the DESolve scaffold were demonstrated 

[ 5 ]. Acute procedural success was 100 %. At 12 months, no 
scaffold thrombosis or MACE directly attributable to the 
scaffold occurred and invasive imaging demonstrated low 
neointimal hyperplasia and no evidence of scaffold recoil or 
late malapposition [ 5 ]. 

 In  the DESolve Nx study , a prospective, multi-centre 
study presented at the transcatheter-therpeutic-interventions 
(TCT) conference in San Francisco in 2013, the second itera-
tion of the DESolve containing the antiproliferative drug 
novolimus was evaluated. In the fi rst 126 patients included, a 
1-year MACE rate of 5.69 % was observed, representing 2 
cardiac deaths, 1 target vessel myocardial infarction and 4 
clinically indicated target lesion revascularizations. No scaf-
fold thrombosis was documented [ 63 ].  

13.4.1.4     REVA 
 The fi rst-generation REVA (REVA Medical Inc., San Diego, 
USA) was a non-drug-eluting scaffold composed of tyrosine- 
derived polycarbonate, with a unique radio-opaque slide-
and- lock mechanism to allow for safe expansion and 
visualization under X-ray (Fig.  13.8 ) [ 3 ].

   In  the RESORB study , a non-randomized, multicentre 
registry that assessed the safety and performance of the 
scaffold, 25 patients with a  de novo  coronary lesion were 
included. Radial strength was suffi cient during the fi rst 
3 months following implantation without appreciable shrink-
age. However, focal mechanical failures led to a high rate of 
target lesion revascularization (66.7 %) between the 4 and 
6 months follow-up [ 64 ]. 

a c e

b d f

  Fig. 13.7    OCT and histology 6 months after Absorb BVS1.1 implanta-
tion in an atherosclerotic swine. The OCT cross-sections ( a , magnifi ca-
tion in  b ) clearly demonstrate the box-shaped appearance of the scaffold 
struts. Preservation of the scaffold struts is confi rmed by  histology, 

demonstrating presence of the polymeric struts under polarization light 
microscopy ( c , magnifi cation in  d ) and of the strut voids on haematoxy-
lin eosin staining ( e , magnifi cation in  f )       
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 In  the RESTORE trial , the ReZolve Sirolimus-eluting 
bioresorbable coronary scaffold clinical trial, a new iteration 
of the REVA scaffold, the ReZolve, was evaluated for its 
safety and performance in 26 patients. The 12 months results, 
presented at the TCT conference in Miami in 2012, demon-
strated safety and good performance. Two MACE, one target 
lesion revascularization for focal in-stent restenosis, and one 
directly related to protocol deviation at implant were docu-
mented up through the 6 months follow-up [ 65 ]. 

 In  the RESTORE II trial , the second-generation ReZolve 
(ReZolve2), which has a lower profi le and is sheathless, will 
be evaluated in 125 patients with the aim of attaining 
Conformité Européenne (CE) mark approval.  

13.4.1.5     ART 
 The ART (Arterial Remodeling Technologies, Noisy le Roi, 
France) is a drug-free, fl exible, bioresorbable PDLLA- 
polymer scaffold. Dismantling starts at 3 months with recov-
ery of arterial function, and full resorption expected within 
18–24 months. 

 In  the ARTDIVA  (Arterial Remodelling Transient Dismantling 
Vascular Angioplasty) trial, a prospective, multicentre, single-
arm investigation, 30 patients with single  de novo  native coro-
nary artery lesions with mandatory balloon predilatation were 
included. Preliminary results, presented at the TCT conference 
in San Francisco in 2013, demonstrated 100 % procedural and 
94 % device success, good apposition, 30-day event-free survival 
and 4.0 % angiographic recoil at 30 days [ 66 ].  

13.4.1.6     IDEAL 
 The IDEAL (Xenogenics Corp., Canton, MA, USA) is a fully 
bioresorbable balloon-expandable scaffold that consists of a 
polylactide, anhydride and a trimer of two salicyclic acid mol-
ecules joined by a sebacic acid, while the top coat is comprised 
of salicylate and the antiproliferative drug sirolimus [ 67 ]. 

 In  the WHISPER study , a prospective, fi rst-in-man, the 
safety and effi cacy of the scaffold was evaluated. Although 
the study has not been fully reported, an increased neointi-
mal formation, attributed to an inadequate drug dose and fast 
drug-elution, was documented in 11 patients, and a new iter-
ation of the scaffold was developed. 

 The revised scaffold, the IDEAL BioStent, has a higher 
drug dose with slower release kinetics and is currently under 
preclinical evaluation.  

13.4.1.7     Xinsorb 
 The Xinsorb (Shandong Huaan Biotechnology Co., Ltd, 
China) is a sirolimus-eluting, balloon-expandable, PLLA 
scaffold that has radiopaque markers to facilitate its expan-
sion. The scaffold has a strut thickness of 160 μm and is 
available in sizes ranging from 2.75 to 4.0 mm in diameter, 
and from 12 to 28 mm in length [ 68 ]. 

 In the fi rst-in-man, prospective, bi-center trial, the feasi-
bility, safety and effi cacy of the Xinsorb will be evaluated in 
30 patients at 1, 3, 6, 9 and 12 months. The 6-months angi-
ography of the fi rst 6 patients demonstrates effective sup-
pression of neointimal hyperplasia [ 69 ].  
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  Fig. 13.8    OCT immediately after REVA scaffold implantation in a 
patient with stable angina. The REVA is designed with a unique slide-and- 
lock design, as can be visualized in the cartoon ( a ), the OCT  cross- sections 

( arrowheads  in  b – d ) that correspond to the letters  B ,  C  and  D  in the longi-
tudinal view ( e ) of the OCT-pullback and the three- dimensional recon-
struction ( f ). The  asterisk  (*) indicates the guide wire artifact       
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13.4.1.8     ON-ABS 
 The ON-ABS BRS is composed of three distinct bioabsorbable 
polymer systems: Poly-D-lactide, PLLA, and L-lactide- co-ε-
caprolactone, and incorporates a partitioned coating technol-
ogy that allows the scaffold to be covered by abluminal 
sirolimus and luminal endothelial progenitor cell capture 
(+CD34) antibodies. Preliminary preclinical data presented at 
the TCT conference in San Francisco in 2013 demonstrated 
optimal device implantation without evidence of fracture [ 70 ]. 

 The fi rst-in-man evaluation of the ON-ABS is underway.  

13.4.1.9    FORTITUDE 
 The FORTITUDE (Amaranth Medical Inc Mountain View, 
CA, USA) is a non-drug-eluting PLLA-based scaffold that 
contains structural integrity for 3–6 months and completely 
resorbs within 1–2 years. The scaffold was evaluated in a 
study of 13 patients with single  de novo  coronary artery 
lesions and, as presented at the TCT conference in San 
Francisco in 2013, demonstrated maintained mechanical 
integrity with late lumen loss comparable to that observed 
for bare metal stents at the 6 months follow-up [ 71 ]. 

 Currently, the second-generation FORTITUDE, which 
has thinner struts and sirolimus drug-elution capabilities, is 
already in advanced development.   

13.4.2     Metallic Bioresorbable Scaffolds 

13.4.2.1    AMS 
 The absorbable metal stent (AMS) (Biotronik, Berlin, 
Germany) is a tubular, slotted, magnesium-based balloon- 
expandable scaffold, available in 10 and 15 mm lengths with 
3.0 and 3.5 mm diameters, respectively. 

 In the fi rst-in-man  PROGRESS - AMS trial , a prospective, 
non-randomised, multicentre clinical trial, 63 patients with sin-
gle  de novo  native coronary artery lesions were enrolled [ 72 ]. 
No myocardial infarction, subacute or late thrombosis, or death 
was documented. Target lesion revascularization rates were, 
however, high: 23.8 % after 4 months, and 45 % after 1 year. 

 In  the BIOSOLVE - 1 trial , a prospective, multi-centre 
study, a new generation drug-eluting absorbable metal scaf-
folds (DREAMS), characterized by a prolonged scaffolding 
time and the anti-proliferative drug paclitaxel, was  evaluated 

in 46 patients with single  de novo  native coronary artery 
lesions. One-year results demonstrated feasibility and safety 
of the DREAMS with 100 % procedural and device success, 
a target lesion revascularization rate of 7 % and no cardiac 
death or scaffold thrombosis [ 73 ]. 

 In  the BIOSOLVE - II trial , a prospective, international, multi-
centre study, the safety and clinical performance of the second-
generation sirolimus-eluting DREAMS will be evaluated.    

13.5     Other Bioresorbable Scaffolds 
Currently Under Investigation 

 Several other bioresorbable scaffolds that are currently under 
development include the MeRes (Meril Life Science, India), 
Lifetech Iron (Lifetech Scientifi c, Shenzhen, China), Sahajanand 
(Sahajanand Medica Technologies, India), Avatar (S3V Vascular 
Technologies, India), FADES (Zorion Medical, Indianapolis, IN, 
USA) and Arterius (Arterius Ltd, Bradford, UK).  

13.6     OCT Imaging of Bioresorbable 
Scaffolds – A Step Towards Routine 
Clinical Practice 

 Bioresorbable scaffolds are increasingly used in clinical 
practice, with the extension to patients with more complex 
lesions [ 60 ], including ST-elevation myocardial infarction 
patients [ 74 ], patients with long lesions requiring overlap-
ping scaffolds, or patients with small vessels and bifurcation 
lesions [ 75 – 78 ]. The detailed evaluation of the behaviour 
and performance of bioresorbable scaffolds – such as the 
expansion, apposition and degradation of the scaffolds as 
well as the vascular response to the scaffold – is of growing 
clinical interest and thus the longitudinal,  in - vivo  intracoro-
nary OCT, which has proven safe, highly accurate and reli-
able, is more widely used. Additionally, with the development 
of 3D OCT and software that allows co-registration of quan-
titative coronary angiography and OCT [ 79 ], OCT can accu-
rately guide treatment strategy (Fig.  13.9 ) and assess 
treatment outcome (Fig.  13.10 ) and thus provide advantages 
for the evaluation of scaffold behaviour and performance in 
routine clinical practice.
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14.1         Current Available OCT Technologies 

 The main obstacle in the adoption of optical coherence 
tomography (OCT) imaging in clinical practice is that OCT 
cannot image through a blood fi eld, and therefore requires 
clearing or fl ushing of blood from the lumen [ 1 ]. While the 
previous OCT system called time-domain (TD) OCT, 

 performed by either a vessel occlusion or a non occlusive 
technique, required a large amount of iso-osmolar contrast 
[ 2 ,  3 ], the latest technology called frequency-domain (FD) 
OCT allows us to acquire clear and multiple images simulta-
neously, reducing the amount of needed contrast. 

 The acquisition of FD-OCT pullback requires a bolus of 
crystalloid solution (usually contrast or dextran [ 3 ]) injected 
through the guiding catheter. The quality of OCT images 
depends on an accurate acquisition technique and proper 
guiding catheter engagement, a fundamental maneuver to 
optimizing directional contrast fl ushing [ 1 ]. 

 Currently, there are two FD-OCT catheters on the market: 
the Dragonfl yTM© catheter (St. Jude Medical) and the 
FastView© OCT catheter (Terumo). They have similar func-
tions as they are advanced over a regular guide wire, distal to 
the region of interest and are provided with a dedicated 
marker, located 10 mm distal to the OCT lens, which enables 
the pull-back starting point selection. 
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 The acquisition speed of the Dragonfl yTM© and 
FastView© OCT catheters can be set up in a range between 
5 and 40 mm/s, enabling the study of vessel segments with 
lengths of 50 mm or 75 mm. In the former option the system 
permitted the study of arteries with cross sectional thickness 
up to 100 μm [ 1 ,  4 ]. 

 In the past decade, intravascular ultrasound (IVUS) was 
the most used intravascular imaging technique. Unlike IVUS, 
OCT cannot penetrate the whole plaque thickness; however, 
OCT can image coronary arteries at a very high resolution 
(20 μm). Due to the thinner profi le of FD-OCT probes, and 
the faster pull-back imaging speed of OCT, many severely 
diseased target lesions can be safely imaged without causing 
luminal obstruction, thus making symptomatic ischemia 
much less likely [ 5 ]. As a main technical drawback, FD-OCT 
cannot study plaques located at the very ostium of the left or 
right coronary arteries. Also, in the presence of very tight ste-
nosis, image quality can be sub-optimal [ 5 ]. 

 In previous years, TD OCT technology was found to be 
safe [ 2 ,  6 ,  7 ], effective [ 2 ,  6 ,  7 ] and highly reproducible. 
Later studies carried with the FD OCT technique, confi rmed 
data on the safety and effectiveness and showed that luminal 
areas and vessel length can be measured with high reproduc-
ibility [ 8 – 10 ]. A fair correlation between OCT and IVUS 
quantitative measurements of the lumen areas was reported 
[ 8 – 10 ] despite comparative studies showing that IVUS tends 
to slightly overestimate lumen areas, while stent and neo- 
intimal areas are slightly higher on OCT [ 8 – 10 ].  

14.2     Impact of Plaque Composition 
on Coronary Intervention 

14.2.1     Calcifi cation and Lipid Pool 

 Identifi cation of calcium can affect an interventional cardi-
ologist’s decision making. In fact, in the presence of circum-
ferential calcifi cation, direct stenting should be avoided and 
strategy can span from a careful pre-dilatation to test expan-
sion, to cutting balloons for very short calcifi c rings or to 
pre-treatment with a rotational atherectomy [ 11 ,  12 ]. 

 Both IVUS and OCT can identify calcium with accuracy 
[ 13 ]. However, IVUS is unable to measure its thickness due 
to a shadowing effect [ 14 ]. Infrared light penetrates calcium 
better, enabling measurement of superfi cial calcifi c compo-
nents with a thickness less than 1.0–1.3 mm [ 15 ,  16 ]. Only 
the less common deep intra-plaque calcium deposits cannot 
be addressed with OCT. 

 As a relatively new concept stent positioning should be 
performed by aiming for complete coverage of the lipid pool 
[ 17 ], avoiding the placement of stent edges over lipid forma-
tions, that can potentially lead to stent thrombosis and plaque 
embolization [ 18 ]. OCT identifi es lipid pools with high 

accuracy and its pre-intervention use can also be encouraged 
to reduce the risk of embolization of plaque components.  

14.2.2     Assessment of Ambiguous 
Angiographic Lesions and Deferral 
of Interventions 

 Hazy and intermediate lesions on angiogram are considered 
a grey-zone for interventional cardiologists [ 19 ]. OCT allows 
detailed analysis of plaque morphology and lumen area, 
being therefore very instrumental in guiding interventions 
and helping decide whether to treat coronary narrowings. 
Unlike other intravascular imaging modalities, OCT has the 
unique ability to identify thrombi and measure the amount of 
thrombus. The “OCT defi ned thrombus score” is a semi- 
quantitative assessment of a thrombus [ 20 ,  21 ], that can be 
used in cases of angiographically hazy lesions. These kinds 
of lesions often appear as ruptured plaques with large 
amounts of thrombus attached to the site of disruption [ 19 ]. 

 Coronary angiograms of patients with acute coronary 
syndrome may show one or more non-signifi cant lesions, 
exhibiting only haziness on angiogram. This can pose a 
problem for the interventional cardiologist. In fact, misinter-
pretation of culprit lesions may cause ischemic events in the 
short and mid-term follow-up. Under these circumstances 
the decision to proceed with treatment rests more on mor-
phologic observations than on the absolute measurement of 
lumen area. 

 The fact that lumen contours are easily obtained enables 
the on-line application of an automated algorithm, that facili-
tates operator decision making by displaying the recon-
structed segment in a longitudinal view.  

14.2.3     Identifi cation of Vulnerable Plaques 

 A number of IVUS studies attempted to characterize the 
appearance of vulnerable plaque. Recently, the PROSPECT 
trial, based on a signal radiofrequency analysis of the IVUS 
backscatter, for the fi rst time showed that intravascular imag-
ing modalities can identify plaque with a higher risk of 
events at 3 years [ 22 ]. OCT, due to its high accuracy in the 
detection of superfi cial plaque components, can potentially 
identify plaque at risk of rupture. In fact, OCT can address 
many features that have been related to plaque vulnerability 
such as the presence of thin fi brous cap, extension of lipid 
pools [ 5 ], micro-vessels [ 23 ] and infl ammatory cells [ 24 ]. 
However dedicated soft-wares, based on the acoustic proper-
ties of the OCT signal, are needed to improve identifi cation 
of the local signs of infl ammation [ 24 ]. 

 To better understand the change of plaque composition in 
response to specifi c treatment, serial studies should be 
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 carried out with the specifi c goal of identifying the same 
location at different time points. For this task, dedicated 
three-dimensional soft-wares can be adopted. The recently 
developed “carpet view software” which unfolds the vessel 
segment, reconstructing it as an open structure, will likely 
improve the off-line serial comparisons of target plaques and 
enable the matching of different imaging modalities [ 25 ]. 
Many experts have suggested that the identifi cation of a vul-
nerable plaque requires the combination of OCT and other 
imaging modalities such as IVUS or near infrared spectros-
copy to better characterize the plaque and obtain information 
on deep lesion components [ 26 ,  27 ].   

14.3     OCT-Guided PCI Guidance 

 The main drawback of OCT is its inability, unlike IVUS, to 
outline the vessel architecture, and measure the external elas-
tic membrane, and the longitudinal extent of plaque burden 
in lesions with thicknesses exceeding 1.0–1.5 mm. Some 
interventional cardiologists may argue that measurement of 
plaque burden has a role in selecting reference segments. 
Therefore, the pre-intervention use of OCT to select the 
appropriate stent size and length is mainly based on the 
assessment of lumen areas. Furthermore, pre-intervention 
OCT assessment of plaque composition is helpful for pre-
dicting the subsequent risk of complications. In fact, calci-
fi ed and lipid plaques carry an increased risk of stent edge 
dissections [ 28 ], while thin cap fi bro-atheroma is more fre-
quently associated with a signifi cant tissue prolapse inside 
the stent [ 29 ]. 

 Recent meta-analysis stressed the role of IVUS in guiding 
stenting procedures, showing that the rate of stent thrombosis 
and major adverse clinical outcomes can be signifi cantly 
reduced [ 30 ,  31 ]. According to these fi ndings, the large IVUS 
sub-study of the ADAPT-DES registry showed that the pres-
ence of attenuated plaque, tissue protrusion, reference seg-
ment plaque burden, and edge dissection were signifi cant 
predictors of stent thrombosis [ 32 ]. Lastly, IVUS guidance 
proved to be useful for treatment of complex lesions such as 
left main PCI [ 33 ]. Due to the improved resolution of OCT, it 
is reasonable to believe that OCT guidance can also improve 
the outcome of percutaneous coronary interventions (PCIs). 
However, the two techniques are different, particularly in their 
resolutions and penetrations. Therefore, IVUS accepted crite-
ria that require an assessment of vessel architecture, specifi -
cally with a measurement of the external elastic membrane 
and plaque burden, cannot be adopted for OCT use. 

 On the other hand, OCT can identify details such as stent 
under-expansion, malapposition, asymmetric stent strut dis-
tribution, intra-stent thrombotic formations, and dissections 
at the edges and inside the stents, with a level of accuracy 
unmatched by IVUS. 

14.3.1     Frequency of OCT Findings of Sub- 
Optimal Stenting and Clinical Role 
of OCT Guidance 

 The multicenter CLI-OPCI study [ 34 ], addressed the role of 
OCT guidance. The registry compared the clinical outcome 
of 335 patients with OCT guided intervention to those from 
a control group by means of a propensity score adjustment. 
OCT guidance was found to improve the 1-year composite 
event of cardiac death or non-fatal myocardial infarction 
after PCI in a real-world population. The study also addressed 
the issue of how to treat OCT fi ndings indicative of subopti-
mal stent deployment. In 34.7 % of the stented segments, it 
was determined, based on the OCT results, that further inter-
vention with either balloon dilation (22.3 %) or additional 
stenting (12.4 %) was needed. The fi nal conclusion of the 
study was that explicit quantitative OCT thresholds are 
required in order to improve clinical outcome of patients 
undergoing PCI. 

 OCT studies, in patients with acute coronary syndrome, 
have shown that in-stent tissue protrusion due to the presence 
of residual thrombus, is a common fi nding [ 29 ]. Recent data 
revealed that residual intra-stent thrombus is related to peri- 
procedural myocardial infarction if left untreated [ 29 ]. 
Preliminary data showed that additional OCT-driven in-stent 
balloon dilatation can signifi cantly reduce the in-stent throm-
bus area percentage without worsening the microcirculatory 
indexes [ 35 ]. 

 As another crucial application, OCT can clarify mecha-
nisms of restenosis and thrombosis early or late after the 
index procedure, guiding repeat revascularization and thus 
minimizing the risk of additional adverse events. 

 Assessment of stent under-expansion by OCT can be 
obtained by comparing the minimal stent area with the refer-
ence lumen area. Additionally, a threshold of absolute mini-
mum lumen cross-sectional area within the stent could be 
applied, with an area of at least 5.0–5.5 mm 2  previously advo-
cated as the target minimum stent area to prevent failure [ 36 ]. 

 A recent study from our group, addressed the incidence of 
suboptimal OCT results in 21 consecutive patients exhibiting 
sub-acute thrombosis. The patients were matched 1:2 with a 
control group of 42 patients from the Rome Heart Research 
core-lab database [ 37 ]. OCT showed that minimum lumen 
area and minimum stent area measurements were signifi -
cantly smaller in the stent thrombosis group together with a 
higher frequency of stent under-expansion, edge dissection 
and reference lumen narrowing. 

 Stent follow-up, delayed healing and poor endothelializa-
tion are common fi ndings in the pathological specimens of 
vessels treated with drug eluting stent (DES) [ 38 ], and recent 
post-mortem studies demonstrated that late-stent thrombosis 
was strongly associated with the ratio of uncovered/total 
stent struts [ 39 ]. 
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 Several experimental and clinical studies have demon-
strated the high correlation between OCT and histological 
measurements of tissue coverage of stent struts [ 40 ,  41 ], 
although OCT is unable to identify the endothelium [ 5 ]. In a 
sub-analysis of the ODESSA trial, 8 % of the stented seg-
ments with no detectable neo-intima by IVUS were found to 
have neo-intimal coverage by OCT [ 42 ]. Follow-up OCT data 
revealed that most drug eluting stents, including those with a 
biodegradable polymer, were covered with thin  neointima, 
but few revealed complete coverage [ 42 – 44 ]. Incomplete 
stent apposition without neo-intimal hyperplasia was signifi -
cantly associated with the presence of an OCT- detected 
thrombus at the follow-up, and may constitute a potent sub-
strate for late-stent thrombosis [ 45 ]; however, so far a sub-
clinical thrombus has not been related to the risk of major 
adverse cardiac events [ 46 ]. Furthermore, incomplete stent 
apposition and the absence of tissue coverage detected by 
OCT are more frequently found in the setting of acute coro-
nary syndromes, particularly after DES deployment [ 47 ]. 

 Optical coherence tomography can be applied for the 
treatment of late in-stent restenosis because the strong refl ec-
tive power of the stent struts allows their detection through 
thick layers of hyperplasia, allowing optimal sizing of high- 
pressure balloons to correct under-expansion and facilitating 
the use of cutting balloons [ 48 ]. 

 OCT can image neo-intimal tissue distinguishing among 
several types on the base of OCT signal attenuation and back-
scattering. The most common type is the homogeneous form 
that is characterized by uniform optical properties without 
focal variations in the backscattering pattern [ 49 – 51 ].   

14.4     Fields of Controversy for OCT 
Defi nitions 

 Although three expert review documents have been pub-
lished, there is not yet an agreed upon defi nition among 
researchers for OCT based plaque and stent analyses. This 
paragraph aims to highlight the major differences in the defi -
nitions used for OCT analyses. OCT can address plaque 
composition with high accuracy. Lipid-rich plaques have 
been defi ned by researchers in several ways: (1) Plaques with 
lipid material extending for more than 90° [ 52 ,  53 ] or 120° 
[ 54 ,  55 ] or (2) Lipid plaque with a thin fi brous cap (<400 μm) 
[ 56 ]. A fi brous cap is identifi ed as a signal-rich homogenous 
band overlying a lipid core [ 54 ]. The thickness of the fi brous 
cap, measured as the distance from the arterial lumen to the 
luminal border of the lipid pool [ 56 ], can be calculated with 
different methods and there is no general agreement on the 
number of repeated cap thickness measurements for an accu-
rate value. 

 Some authors have used a single measure of the thinnest 
portion of the cap [ 57 ], while others have proposed the use of 

the mean of the three [ 54 ,  56 ,  58 ,  59 ] or fi ve [ 52 ] separate 
measurements. 

 OCT has the ability to identify vulnerable plaque such as 
thin cap fi bro-atheroma (TCFA) which is thought to account 
for 60–70 % of coronary events [ 60 ,  61 ]. 

 OCT research groups have used different defi nitions to 
identify TCFA. TCFA was defi ned as: (1) plaque with more 
than 2 lipid quadrants and a cap thickness of less than 65 μm 
[ 60 ]; (2) plaque with more than 1 lipid quadrant and a cap 
thickness of less than 70 μm [ 17 ], or (3) lipid plaque with a 
cap thickness of less than 80 μm [ 56 ]. The comparison with 
histological studies provided the fi rst [ 60 ] and second [ 17 ] 
defi nitions, whereas an  in vivo  study of plaque rupture pro-
vided the third defi nition [ 56 ]. 

 OCT is also very instrumental in studying the pathophysiol-
ogy of plaque instability leading to intracoronary thrombus. 
Complicated plaques can lead to one of the following three dif-
ferent outcomes: plaque rupture, erosion or calcifi ed nodule. 

 While the presence of plaque rupture can be easily identi-
fi ed by OCT assessment for the presence of fi brous cap dis-
ruption and the formation of a cavity inside the plaque [ 54 ], 
there is no agreement on the ability of OCT for identifying 
erosion and calcifi ed nodules. 

 Fibrous cap erosion is an endothelial damage or denudation 
associated with thrombus, but without a clear fi brous cap dis-
ruption [ 58 ,  62 ]. Recently a plaque classifi cation algorithm for 
identifying OCT-defi ned erosion has been proposed. This 
approach differentiates defi nite erosion (superfi cial thrombus 
and intact fi brous cap) from probable erosion (either the 
absence of superfi cial thrombus and the presence of an irregu-
lar surface or large intra-coronary thrombus impairing accu-
rate plaque visualization without associated calcium or lipid in 
the close proximal and distal cross- sections) [ 13 ]. 

 Calcifi c nodules are considered superfi cial deposits of 
calcium that may lead to thrombus formation. OCT has been 
proposed for identifying these tiny structures, since they 
appear as nodules protruding into the lumen. These nodules 
may have an irregular surface [ 63 ]. Some authors have iden-
tifi ed their prevalence before thrombus formation [ 14 ]; oth-
ers, after fi brous cap rupture and thrombus formation [ 13 ]. 

 OCT can investigate strut apposition and coverage and 
other features indicative of suboptimal deployment, such as 
edge dissections, thrombus and tissue prolapse. 

 Two different methods have been used for assessing stent 
strut malapposition:
    1.    Measurements of the distance from the center of the 

blooming artifact to the vessel wall [ 64 ,  65 ].   
   2.    Measurements of the distance from the outer surface of the 

blooming artifact to the vessel wall and correcting for half 
of the thickness of the blooming (18 μm) [ 66 – 68 ] or the 
axial resolution of the OCT instrument used (20 μm) [ 45 ].     
 Tissue prolapse and intra-stent thrombus are diffi cult to 

distinguish. Tissue prolapse is defi ned as tissue protrusion 
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between stent struts. It has a typical convex-shaped appear-
ance without disruption of the continuity of the luminal ves-
sel surface [ 69 ]. It does not extent for more than 250 μm 
inside the lumen [ 70 ]. On the contrary, thrombus is  considered 
an irregular mass protruding for more than 250 μm, that can 
appear attached to or separate from the stent surface [ 43 ]. 

 Stent edge dissection are often imaged by OCT as a dis-
ruption of the luminal vessel surface in the edge segments 
[ 69 ] (within 5 mm proximal and distal to the end of the stent) 
[ 71 ,  72 ]. However, there is no agreement on how to defi ne a 
signifi cant edge dissection. Some authors have used a dissec-
tion angle greater than 60° [ 73 ], while others have applied a 
longitudinal extension greater than >0.67 mm [ 72 ].  

    Conclusions 

 OCT enables the accurate assessment of coronary athero-
sclerosis and offers unique insights into stenting proce-
dures. It has many fi elds of potential application such as 
the investigation of an ambiguous lesion or the assess-
ment of a suboptimal stent deployment. 

 Recent, studies proved the effi cacy of IVUS to guide 
PCI, especially in the setting of complex procedures such 
as left main PCI or bifurcations. OCT, due to a much higher 
resolution at expense of a limited penetration, promise to 
have an important role in this setting. However, there is 
limited data available on the clinical impact of OCT guided 
PCI, with only one large registry being published. 

 Importantly, operators should avoid misinterpretation 
of OCT images keeping in mind that the high resolution 
of the technique may induce to over treat plaque-stent fea-
tures unlikely affecting the clinical outcomes. 

 Three consensus documents have been recently 
released to guide investigators in their OCT based plaque 
and stent analyses. However, some fi elds of controversy 
such as the defi nition of vulnerable plaque and the assess-
ment of strut malapposition still remain open leading to 
different criteria and defi nitions. 

 There is need for better general agreement on the best 
OCT defi nitions that should be adopted to address plaque 
anatomy and stented segments in order to identify the 
clinical signifi cance of OCT fi ndings.     
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15.1         Introduction 

 Predicting the future development of a rapidly emerg-
ing technology such as intravascular OCT poses a unique 
challenge. Often the unanticipated, disruptive advances—
not the foreseeable incremental advances—have the 
largest infl uence on the development trajectory of new 
medical technologies. For example, just 10 years ago, 
the sudden emergence of fast Fourier-domain methods 
propelled intravascular OCT out of the research lab into 
mainstream clinical use. It is impossible to know whether 
other similar unanticipated advances will shape the future 
of OCT. In spite of these inherent diffi culties of predic-
tion, the potential infl uence of on-going R&D efforts on 
the future of intravascular OCT imaging is worthwhile to 
contemplate.  

15.2     Intravascular Imaging in the Era 
of Evidence-Based Medicine 

 Before taking a closer look at OCT R&D and emerging tech-
nologies, it is important to examine how trends in healthcare 
delivery and in the practice of interventional cardiology are 
infl uencing R&D investment decisions. In an era of health- 
care delivery motivated by cost effi ciency and better patient 
outcomes, investments in small technological advances that 
are unlikely to yield demonstrable patient benefi ts or cost 
reductions can no longer be justifi ed. Designers and manu-
facturers are being challenged to think beyond the incremen-
tal addition of ‘bells and whistles’ with every generation of a 
medical device. 

 Table  15.1  lists a few of the macro trends in the practice 
of interventional cardiology and their potential consequences 
on the development of new diagnostic technologies. The 
trends that are most relevant to the future development of 
OCT include the increased emphasis on the cost effective-
ness of PCI and the imperative to demonstrate patient bene-
fi ts in well-controlled clinical studies. Two of the 
consequences of these trends have been to compel lower 
costs of production of imaging catheters and to restrict appli-
cations of intravascular imaging to complex cases for which 
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angiography provides inadequate information to make 
informed clinical decisions.

   Another equally important consequence has been an 
increased emphasis on functional assessment of coronary 
lesion severity by fractional fl ow reserve (FFR) as an adjunct 
to the conventional anatomical assessment by angiography. 
Measurement of FFR with a pressure wire has been shown in 
well-controlled clinical trials to be a powerful tool for detect-
ing ischemia-producing coronary lesions [ 1 ,  2 ]. Stenting in 
lesions with FFR readings above a threshold of 0.80 can be 
safely deferred, with an associated reduction of procedural 
complications [ 3 ]. The relatively weak correlation that has 
been observed between FFR and IVUS- or OCT-derived ana-
tomical measures in recent studies [ 4 ] has called into ques-
tion the role of intravascular imaging in decisions to stent 
intermediate coronary lesions. How can OCT-guided PCI 
improve a patient’s chances of a good outcome beyond that 
expected when stenting decisions are made by FFR assess-
ment alone? This is one of the key questions being addressed 
as the application of optical coherence tomography in inter-
ventional cardiology expands. 

 Counterbalancing the trend toward cost-containment in 
PCI, which tends to discourage the widespread use of intra-
vascular imaging, is the need to obtain reliable and compre-
hensive information for making the right treatment decisions 
so that complications and repeat procedures can be avoided. 
There will continue to be a clinical demand for advances in 
imaging that give cardiologists a more detailed look at vas-
cular morphology than angiography alone can provide.  

15.3     Research Areas 

 Optical coherence tomography is a very active research area 
for engineers and scientists, with hundreds of journal articles 
published each year on topics ranging from the principles of 
tunable lasers to new applications of OCT in clinical 

 ophthalmology [ 5 – 7 ]. Although a relatively small fraction of 
the published research literature pertains specifi cally to coro-
nary imaging, these publications serve as a valuable resource 
for innovation in intravascular OCT. In particular, the latest 
generation of intravascular OCT instruments has benefi ted 
from the accelerated commercialization of R&D advances in 
laser and photonics technologies, image processing, and com-
puting power. Industry has the primary responsibility to trans-
late these advances into affordable products with clear patient 
benefi ts. Toward this end, efforts to improve future genera-
tions of OCT imaging systems are focused on the reliability of 
image acquisition, rapid extraction of relevant clinical infor-
mation, and ease of use for real-time decision-making in the 
catheterization lab. In the following sections, work in several 
specifi c research areas is discussed under separate headings. 

15.3.1     OCT Image Acquisition Within 
a Single Cardiac Cycle 

 Since the fi rst frequency-domain OCT systems were intro-
duced for coronary imaging in 2009, the benefi ts of increas-
ing the speed of OCT image acquisition have been recognized: 
longer vessel surveys with lower injected contrast volume, 
fewer cardiac motion artifacts in 3D vessel reconstruction, 
and shortened therapeutic decision times. It is now possible to 
complete an intravascular OCT pullback in less than 1 s, 
enabling 3D image acquisition within a single cardiac cycle. 
The transition to markedly higher imaging speeds has been 
made possible by concurrent advances in three areas: rapidly 
swept laser light sources; distally actuated micromotors; and 
high-speed electronics for data acquisition. 

 Swept lasers form the heart of intravascular OCT systems. 
Laser sweep rate, tuning range, and coherence length directly 
map into OCT system imaging speed, axial resolution, and 
imaging range, respectively. Hence, academic and industrial 
research groups have focused heavily on improving laser 

   Table 15.1    Macro trends in interventional cardiology: potential consequences related to the development of new diagnostic technologies   

 Macro trend  Potential consequences 

 Emphasis on cost effectiveness of PCI  Earlier triage via non-invasive testing 
 Selective use of invasive diagnostics 
 Lower disposable costs 
 Emphasis on functional assessment 
 Preference for rapid, easy-to-use technologies 

 Increased emphasis on patient outcomes  Reimbursement restricted to devices with proven outcome benefi t 
 Selective use of invasive diagnostics in complex cases with highest complication rates 
 Need for well-conducted clinical trials to gain wide acceptance of new devices 

 Economic penalties for repeat procedures  Increased use of therapeutic guidance in complicated cases 
 Need for new diagnostic methods to guide preventative therapies 

 Personalized medicine  Emphasis on quantitative risk assessment to appropriately tailor therapy 
 Fewer open-heart surgical procedures  Need for better real-time visualization in structural heart procedures 
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 performance in recent years. Fourier-Domain Mode-Locked 
(FDML) lasers have increased in sweep rate from 290 kHz in 
2006 [ 8 ] to 5.2 MHz in 2010 [ 9 ], while the use of dispersion-
compensating fi lters has allowed FDML coherence lengths to 
extend beyond 2 cm [ 10 ], thereby enabling longer scan ranges 
for intravascular imaging. At the same time, vertical cavity 
surface-emitting laser (VCSEL) technology has progressed 
rapidly and can now reach sweep rates up to 1 MHz, with 
coherence lengths in the multi-cm range [ 11 ]. Other classes 
of lasers have also been demonstrated for high-speed OCT 
imaging, such as fi ber ring lasers that operate at rates up to 
240 kHz [ 12 ] and external cavity lasers based on polygon 
rotational fi lters that operate at rates as high as 400 kHz [ 13 ]. 
Many high-speed OCT laser systems now incorporate inter-
nal or external optical buffering [ 14 ] to replicate time-delayed 
copies of each wavelength scan and thereby multiply the 
effective sweep rate. 

 To make productive use of their fast line rates, high-speed 
OCT laser systems must be coupled to correspondingly 
high- speed imaging catheters. Intravascular OCT requires 
line densities of 500–1,000 image lines per frame; fewer 
lines per frame lead to spatially under sampled images, while 
more lines per frame lead to spatially oversampled images. 
State-of-the-art lasers operating at speeds of 1–5 MHz should 
therefore be operated with catheters capable of generating 
images at speeds of 1,000–10,000 fps. A conventional intra-
vascular imaging catheter is actuated at its proximal end 
using an external motor coupled to a torque wire via a fi ber- 
optic rotary joint (FORJ). Rotational motion is transmitted to 
the lens assembly at the distal tip of the catheter. Due to the 
mechanical constraints of the torque coil, FORJ, and motor, 
as well as the requirement to translate motion over the entire 
length of the catheter (1.5–2.0 m), commercial catheter 
speeds are currently limited to about 200 fps. High-precision 
research systems that employ custom-made FORJ assem-
blies and catheters have achieved rotational speeds up to 350 
rotations per second (rps), which enables frame capture at 
the equivalent rate of 350 frames per second [ 12 ]. Emerging 
catheter designs that feature micromotors mounted at the 
distal end of the catheter eliminate the need for external 
motors and torque coils. High-speed catheter operation has 
been demonstrated with piezoelectric devices at rotational 
speeds up to 960 rps [ 15 ] and with rotary micromotors at 
400 rps [ 16 ] and 3,200 rps [ 17 ]. While these revolutionary 
catheter technologies remain slightly too large for clinical 
deployment and pose fabrication and cost challenges, mod-
erate reductions in actuator size may soon enable their use 
in vivo without compromising device deliverability or safety. 

 The fi nal technology required for intravascular OCT imag-
ing within a single cardiac cycle is high-speed data acquisi-
tion and signal-processing electronics. To preserve system 
dynamic range, OCT systems require relatively high- 
resolution digitizers, particularly when imaging samples with 

highly variable signal levels common to pathologic or stented 
arteries. The availability of gigasample-class digitizer inte-
grated circuits, combined with high-bandwidth digital bus 
architectures and the signal-processing capabilities of graphic 
processing units (GPUs) has opened the door for real-time 3D 
OCT imaging. Currently, the highest speeds achieved to date 
for an intravascular OCT imaging system have been obtained 
by pairing a high-speed signal processing system with a 
1.6 MHz FDML laser source and a micromotor catheter oper-
ating at 3200 rps, culminating in a total pullback time of 
under 1 s [ 17 ]. In the future, intravascular OCT acquisition 
speeds will continue to increase as laser, catheter, and signal 
processing technologies advance in parallel.  

15.3.2     3D Segmentation and Visualization 

 The increase in the volume of image data acquired by succes-
sive generations of OCT imaging systems has outpaced the 
ability of the systems to extract clinically relevant informa-
tion and display it in a format that can be readily interpreted 
by cardiologists during PCI procedures. In a typical OCT pro-
cedure, several gigabytes of data are acquired to generate 
cross-sectional images of an artery in three dimensions before 
and after intervention. Fortunately, software is being devel-
oped for the latest generation of OCT systems that eases the 
information processing burden by automating the main tasks 
involved in treatment planning and evaluation. 

 Earliest to emerge have been automated software tools that 
take advantage of the clear delineation of the lumen boundary 
provided by OCT [ 18 – 20 ]. Figure  15.1  shows an example of 
the information displayed by the latest generation of a com-
mercial intravascular imaging system (ILUMIEN OPTIS TM , 
St. Jude Medical, Westford, MA). In addition to the conven-
tional transverse and longitudinal (L)-mode cross sections 
(upper right and lowermost panels of Fig.  15.1 ), a volumetric 
reconstruction of the lumen is displayed (upper left panel). 
Generated by a fully automatic software routine that traces 
the 3D contour of the inner surface of the artery, this repre-
sentation of the artery is intended to give cardiologists views 
of lumen morphology similar to those provided by coronary 
angiograms reconstructed from projections acquired at mul-
tiple angles. The algorithms that underlie the automated 
boundary detection must be computationally effi cient for 
real-time operation and must operate in the presence of guide-
wire shadows and other image artifacts.

   Although they give an impression of the severity and lon-
gitudinal extension of fl ow-limiting lesions, 3D lumen 
reconstructions are not well-suited for quantitative planning. 
The lumen profi le display, shown in Fig.  15.1  above the 
L-mode image, is designed to serve this function. Derived 
from the 3D lumen contour, the lumen profi le shows the 
mean diameter or area of the vessel lumen along the entire 
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length of the imaged segment of the artery (7.5 cm, in this 
example). Unlike the L-mode display, the lumen profi le is 
calculated as an average over all angles, allowing the 
 variations of the fl ow-limiting diameter or area of the artery 
to be quantifi ed independent of lesion eccentricity. This 
information facilitates the choice of the appropriate stent 
diameter and length for restoration of the lumen profi le. 

 Recently, the scope of research in volumetric imaging has 
extended beyond lumen reconstruction to automated seg-
mentation and visualization of stents for volumetric assess-
ment of malapposition and neointimal thickness [ 21 – 24 ]. 
One of the objectives of this work is to provide clinical 
researchers with new off-line tools for evaluation of stent 
performance in large patient trials; another objective is to 
facilitate real-time assessment of stent deployment. 

 When a beam of light impinges on a metallic stent strut, it 
refl ects light strongly and casts a shadow. These basic optical 
properties are the primary signatures of stents in OCT images. 
One might imagine that computer recognition of stent struts 

would then be simple exercise of searching for regions of the 
OCT image with bright refl ections with associated shadows. 
In practice, however, the image-processing task is not so 
straightforward. Since the refl ection of light from the surface 
of most stent struts tends to be specular, the intensity of light 
refl ected back to the lens at the tip of the OCT catheter depends 
strongly on the angular orientation of the strut relative to the 
incident OCT beam. Consequently, the apparent brightness of 
the image of a stent strut, as well as the appearance of its 
shadow, both depend on the position of the OCT catheter in 
the artery. Moreover, the radial position of the strut relative to 
the focus of the incident OCT beam and the presence of over-
lying tissue or residual blood adds to intensity variations. 
Finally, other bright and highly attenuating structures in the 
artery (e.g., foam cell clusters) can masquerade as stent struts. 

 In spite of the challenges imposed by these variables, 
signifi cant progress has been made in the development of 
robust image-processing methods for automated stent detec-
tion in OCT images. Figure  15.2  shows an example of 

  Fig. 15.1    Volumetric data display on the ILUMIEN OPTISTM OCT system console       

 

J.M. Schmitt et al.



207

 computer- detected stent struts in OCT images of a freshly 
implanted stent and of a stent at follow-up [ 23 ]. Based on the 
computer- generated distribution of stent refl ections relative to 
the lumen boundary, the boundary of the malapposed region or 
the volume of tissue coverage can be quantifi ed and displayed. 
The potential clinical benefi ts of volumetric stent imaging with 
intravascular OCT is currently being investigated for assessing 
the risks of stent restenosis and thrombosis after implantation 
of bare metal and drug-eluting stents [ 25 ,  26 ].

   Perhaps the longest-standing and most challenging objec-
tive of OCT software developers has been the automated 

delineation and characterization of plaque within long arte-
rial segments. Although early work by Yabushita and others 
[ 27 – 29 ] established the relationship between the optical 
characteristics of the most common vascular tissues and 
their appearances in OCT images, an algorithm for fully 
automated tissue classifi cation is not yet available for clini-
cal use. Recently, computer-assisted segmentation of cal-
cifi ed plaques and thin-capped fi broatheromas has been 
 demonstrated in a research setting. Figure  15.3  is an example 
of a 3D rendering of a large calcium deposit in an artery 
imaged by OCT in vivo [ 31 ]. Such reconstructions, made 

a b

  Fig. 15.2    Examples of automatic detection of stent struts in OCT image cross sections. ( a ) Freshly implanted stent with residual blood in lumen. 
( b ) Stent at follow-up with eccentric neointimal growth console (From Ughi et al. [ 23 ])       

a b
  Fig. 15.3    3-D rendering of cal-
cifi ed plaque in an OCT image 
segment ( a ) manually segmented, 
and ( b ) automatically segmented 
(From Wang et al. [ 30 ])       
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possible by the unique ability of OCT to image calcium, may 
facilitate real-time planning of stent placement and deploy-
ment, especially in complicated cases for which use of 
rotational atherectomy or a cutting balloon is indicated. 
A semi-automatic algorithm has also been developed for 
volumetric reconstruction of fi brous caps overlying lipid-
rich plaque [ 30 ]. Quantitation of thickness variation based 
on the 3D structure of the plaque may lead to a better under-
standing of the mechanisms of plaque rupture.

   The rapid development of 3D visualization techniques for 
CT, MR and other non-invasive imaging modalities is likely 
to engender parallel developments in intravascular imaging. 
By reducing the steepness of the learning curve for image 
interpretation, computer-assisted processing and display of 
image data promises to improve the clinical utility of OCT 
for non-expert users.  

15.3.3     Angiographic Co-Registration 

 While intravascular OCT images enable visualization of cor-
onary anatomy with unprecedented levels of detail, only a 
segment of one coronary branch can be interrogated within a 
single acquisition. Additionally, OCT imaging cannot be 
performed in real time during delivery of stents or other ther-
apeutic devices. Therefore, cardiologists continue to rely on 
X-ray angiography for assessment of the complete coronary 
system and for real-time guidance of intravascular therapy. 
Recently, technologies have begun to emerge that allow co- 
registration of OCT and angiography image data to over-
come these limitations. 

 Two general software techniques for OCT-angiography co-
registration currently exist: landmark-based and  tracking- based. 
Landmark-based co-registration techniques rely on identifi ca-
tion of a known feature that is visible in both the OCT and 
angiographic images to anchor the position of the images. 
Landmark features are typically large side branches, which are 
readily detectable with both OCT and X-ray imaging. Although 
identifi cation of the landmark is currently performed by a 
trained user, this technique could conceivably be automated in 
the future. Once a landmark has been selected, a priori knowl-
edge about the OCT pullback speed, length, and starting posi-
tion can be used to project the OCT frame positions onto an 
angiographic image. This class of techniques has the advantage 
that an OCT pullback can be co- registered to an angiogram 
acquired at a different point in time, as long as there was no 
change in the position of the OCT catheter between the acquisi-
tion of the two datasets. Industrial research teams have demon-
strated full 3D reconstruction and co-registration of OCT with 
angiography using multi-planar X-ray imaging and landmark-
based techniques [ 32 ]. 

 Tracking-based co-registration techniques rely on 
 detection of a radio-opaque feature on the OCT catheter, such 

as a marker band, in a series of angiography frames acquired 
at the same time as the OCT pullback. If the radio- opaque 
feature is positioned at a known distance from the catheter’s 
imaging lens, the OCT image position can be localized 
directly on the corresponding angiography frame. This class 
of techniques has the advantage of generally requiring less 
user input, as there is no need for identifi cation of landmarks 
on the OCT or angiography images. Tracking- based co- 
registration has the drawback of requiring the OCT and angi-
ography datasets to be acquired simultaneously. However, 
this requirement provides the benefi t of inherent compensa-
tion of motion artifacts, as the true position of the OCT imag-
ing lens can be inferred on every angiography frame. 

 Figure  15.4  shows an example screenshot of tracking- 
based OCT co-registration software developed by St. Jude 
Medical. The left panel shows an angiography frame acquired 
at the same time as the OCT frame displayed in the right 
panel. The white bar on the X-ray image indicates the spatial 
location of the OCT frame. The side branch visible at 8 
o’clock in the OCT image is also visible directly underneath 
the white angiography marker. This type of display is useful 
for localizing features detected by OCT within the wide fi eld 
of view provided by angiography.

15.3.4        Functional Lesion Assessment 

 The increasing acceptance of FFR as the gold standard for 
functional assessment of the hemodynamic signifi cance 
of coronary stenoses has called into question the role of 
 imaging in stenting decisions [ 2 ]. Minimum lumen area 
(MLA) and percent diameter or area stenosis (%DS or 
%AS) are the anatomical measures of lesion signifi cance 
by which the signifi cant of intermediate lesions have been 
evaluated by angiography and IVUS. Recent studies have 
shown weak correlations of these measures with FFR for 
both imaging modalities [ 33 ,  34 ]. MLA and %AS measured 
using OCT has not fared much better, except in small-diam-
eter arteries [ 4 ,  35 ]. 

 Since narrowing of the epicardial coronary branches is 
the predominant contributor to the pressure drop measured 
by a pressure FFR, why do MLA and %AS, as measured by 
OCT and other existing imaging modalities, fail to corre-
spond well with FFR measurements? This discordance has 
both physiological and methodological origins [ 36 ]: (1) sim-
ple anatomic indices fail to represent the volumetric nature 
of fl ow-limiting lesions, (2) very high measurement accuracy 
is critical, because the fl ow resistance or a stenosis varies in 
inverse proportion to the fourth power of its radius, (3) since 
the pressure drops across stenoses are fl ow dependent, 
 shunting of fl ow by side branches and collateral vessels can 
alter the physiological signifi cance of the same stenosis at 
different locations, and (4) the hyperemic microvascular 
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resistance, which sets the upper limit on blood fl ow in a 
given branch, and hence, the pressure drop across a stenosis, 
varies according to the volume of myocardium perfused by a 
given coronary branch. 

 New methods are being developed for modeling blood 
fl ow resistance of coronary arteries that aim to improve the 
ability of image-derived anatomical measurements to predict 
the functional signifi cance of coronary lesions [ 37 ]. Although 
most of the publications on this topic pertain to non-invasive 
assessment of FFR using computed tomography angiogra-
phy [ 38 ,  39 ], investigations of methods to estimate FFR from 
3D OCT models have been active for a number of years [ 40 , 
 41 ]. High-quality 3D lumen reconstructions generated from 
OCT images contain detailed information about lumen mor-
phology, normal reference diameters, branch locations and 
other variables from which patient-specifi c models of coro-
nary blood fl ow can be built. 

 The feasibility of estimating FFR using a computationally 
effi cient model of fl ow resistance derived from OCT images 
was demonstrated recently in a small clinical study [ 41 ]. This 
study showed the benefi ts of incorporating information about 
the volumetric properties of a coronary lesion, in addition to 
its minimum cross-sectional dimensions. Figure  15.5  shows 
the diameter profi le of a diffusely stenosed coronary artery 
(upper panel) and the corresponding pressure drop along its 
length (lower panel) calculated by the analytical fl ow model 
employed in the study. The numerical values shown in the 
fi gure are the hyperemic blood fl ow rates estimated by the 
fl ow model for each of the branches. Based on these fl ow 
rates and the fl ow resistances calculated from the lumen areas 
measured along the length of the vessel, the model estimates 
the FFR for the main branch. In this example, the ‘1 – VRR’ 
value (0.66) displayed in the top panel of the fi gure is an esti-
mate of the distal FFR that would be measured by a pressure 

  Fig. 15.4    Co-registration of OCT ( right hand panel ) and angiographic ( left hand panel ) images. White marker on angiogram indicates position 
of OCT frame. Side branch visible on OCT at 8 o’clock position is also visible directly beneath white marker on angiogram       
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wire. Flow modeling opens the potential for optimization of 
PCI according to anatomical and physiological information 
derived from pullbacks. If future studies support the clinical 
utility of OCT-derived FFR estimates, this approach may 
encourage the development of interactive stent planning tools 
to facilitate treatment of complex coronary lesions.

15.3.5        Multimodal Imaging 

 Since the fi rst intravascular OCT studies were carried out 
nearly 15 years ago, a growing number of intravascular imag-
ing modalities have been demonstrated in pre-clinical studies: 
near-infrared spectroscopy (NIRS), intracoronary MRI, elas-
tography, molecular fl uorescence, and photoacoustic imaging 
[ 42 – 44 ]. Given that each modality has its particular strengths 
and weaknesses, it is natural to contemplate whether there are 
synergistic combinations of modalities that can provide unique 
clinical diagnostic capabilities for cardiovascular application. 
In 2013, the TVC TM  NIRS-IVUS Imaging System (Infraredx, 
Burlington, MA) was the fi rst intravascular imaging system 
with a dual-modality catheter to gain FDA approval. It is likely 
that other multimodal intravascular imaging technologies will 
be introduced into clinical practice in the coming decade. This 
section reviews on-going investigations of multimodal intra-
vascular diagnostics in which OCT plays a central role. 

15.3.5.1     OCT-IVUS 
 Although the superior contrast, resolution, and near-fi eld 
image quality of OCT compared to IVUS make the interpre-
tation of arterial morphology easier [ 45 ], the deeper tissue 
penetration of IVUS has advantages in applications that 
require a long far-fi eld scan range, such as ostial left main 
imaging and the measurement of lipid plaque burden. 

 Efforts to combine OCT and IVUS functionality on the 
same catheter and console have been reported by several 
research groups [ 46 – 48 ]. The main challenge of these 
efforts has been to maintain state-of-the-art performance 
of both modalities without adding signifi cant complexity 
or cost. Without sacrifi cing crossing profi le and deliver-
ability, the catheter must accommodate the IVUS trans-
ducer with the interconnecting RF and OCT fi ber optics 
within a single sheath. Several different catheter-tip con-
fi gurations have been reported to align the OCT and IVUS 
beams with only a small longitudinal, lateral or angular 
offset. To date,  prototype catheters with outer diameters 
as small as 3.6 F have been developed and tested in animal 
models [ 48 ]. Figure  15.6  shows an example of the con-
struction of the internal catheter- tip assembly at the tip of 
a 4 F OCT-IVUS catheter [ 47 ]. Further improvements in 
catheter design and manufacturing are required to meet the 
clinical requirements for imaging performance, deliver-
ability and reliability.
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   Hybrid OCT-IVUS imaging has the potential to differenti-
ate and characterize plaque morphology more precisely than 
either modality alone. In particular, hybrid imaging may allow 
more comprehensive assessment of atherosclerotic lesions by 
combining the ability of OCT to assess lumen dimensions, 
estimate fi brous cap thickness, identify thrombus, and delin-
eate the boundaries of calcifi ed plaque with the ability of 
IVUS to image through lipid-rich plaques and thrombus [ 44 ].  

15.3.5.2     OCT-Pressure 
 OCT is regarded as one of the most accurate structural imaging 
methods for coronary arteries, while FFR is the gold standard 
for function assessment of stenosis relevance during maximum 
fl ow conditions [ 49 ]. PCI guidance may benefi t from access to 
complementary information from both modalities. 

 The fi rst effort to combine OCT and FFR was St Jude 
Medical’s Ilumien TM  PCI Optimization TM  system, which inte-
grates wireless FFR measurement into the St Jude Medical 
OCT platform, using separate pressure wires and OCT cathe-
ters. FFR can be used for making PCI decisions, while OCT 
can be used for optimizing PCI procedures. In the ideal case, 
together with the angiographic co-registration, the cardiologist 
fi rst uses FFR to decide if and roughly where stents are needed. 
He or she can then use an OCT catheter to observe the plaque 
characteristics and measure lumen dimensions for the stenting 
procedure. After the stents are placed, the physician can then 
optionally use OCT to check the stent placement results and 
use FFR to assure revascularization success. 

 Despite the theoretical advantage of using both OCT and 
FFR in the same patient, the combined usage remains low, 
even in large medical centers. In the current US medical and 
reimbursement environment, the time and cost of employing 
two separate diagnostic catheters in the same procedure are 
signifi cant limitations. To enhance the clinical workfl ow and 
to mitigate the cost, one future solution may be to combine 

the OCT and FFR together on a single catheter, although 
catheter dimensions are critical. 

 Figure  15.7  shows a schematic diagram of one possible 
design of a combination OCT and FFR catheter [ 50 ,  51 ]. This 
device uses an optical pressure transducer mounted on the 
OCT lens assembly, both sharing the same optical fi ber and 
other catheter components. The light travels through the core 
of a single-mode fi ber into the lens assembly where it is sepa-
rated into two paths by a fi ber prism. The portion of the beam 
that is directed into the tissue is used for OCT imaging. The 
other portion of the beam, which refl ects from the  optical pres-
sure sensor, is used for FFR recording. Because most of the 
catheter components and other optical system components are 
shared, the cost of the combination device may not be signifi -
cantly higher than that of a single-function OCT catheter.

   Multi-modal catheters that enable co-registered OCT 
images and FFR recordings are not yet available commer-
cially, nor have large-scale clinical studies been conducted 
that show the advantages of combining OCT imaging and 
FFR measurements in the same patient. Future research is 
needed to evaluate potential synergic effects on outcomes in 
different patient populations.  

15.3.5.3     OCT-Spectroscopy 
 Although it provides high-resolution images of coronary 
anatomy, OCT does not provide direct information about the 
chemical or molecular composition of tissue. While some 
compositional information may be inferred from image anal-
ysis, such inferences are prone to inaccuracy, especially in 
plaque composed of mixed tissue types. To increase the diag-
nostic accuracy, it may be advantageous to combine 
molecular- sensitive imaging techniques with OCT. 

 One of the most developed imaging methods that take 
advantage of molecular contrast is the intravascular near- 
infrared refl ectance spectroscopy (NIRS). NIRS is a spectro-
scopic method that uses a portion of the near-infrared spectrum 
to detect and quantify chemical compounds that have charac-
teristic vibrational absorption spectra [ 52 ]. A NIRS system 
designed for lipid detection is now commercially available 

IVUS OCT 1 mm

Protective housing

  Fig. 15.6    Imaging assembly at the tip of a prototype OCT- IVUS cath-
eter before insertion in a 4 F transparent nylon sheath (not shown) 
(From Li et al. [ 47 ])       
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  Fig. 15.7    A diagram of one confi guration of a combined OCT and 
pressure-sensing catheter (From Schmitt et al. [ 50 ])       
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(Infraredx, Inc., Burlington, MA). NIRS has also been com-
bined with intravascular ultrasound (IVUS) to provide co-reg-
istered structural and chemical information [ 44 ]. 

 Recently, Fard et al. described a prototype OCT-NIRS 
system with a dual-modality catheter [ 53 ]. The system used 
a swept laser source (1,229–1,335 nm) for both OCT and 
NIRS. A double-clad fi ber (DCF) was used to transmit and 
receive the optical signals between the electro-optic unit 
and catheter. The OCT and NIRS excitation light traveled 
along the core of the DCF. The backscattered OCT signal 
returned through the core of the DCF, while the NIRS signal 
traveled through the inner cladding of the DCF. The signals 
were then detected separately by an OCT console and an 
NIRS console. Using this apparatus, the authors were able to 
simultaneously obtain OCT and NIRS data sets (Fig.  15.8 ). 

By exploiting the negative absorption slope of lipid in the 
near- infrared region (1,200–1,400 nm), the authors claim 
that it is possible to obtain both a lipid composition map and 
OCT images. In principle, NIRS principles can also be 
applied to the measurement of other organic compounds, 
including proteins and carbohydrates.

   Both NIRS and OCT have been shown to be sensitive to 
lipid in histological studies; however, the relative improvement 
in detection sensitivity and selectivity that can be expected by 
combining the two technologies is still unknown. Recently, 
reports have been published that show discrepancies among 
the available technologies for in vivo lipid detection. Pu et al. 
reported that by comparing grayscale IVUS, VH-IVUS and 
NIRS, a positive relationship was found between VH-derived 
and the NIRS-derived lipid cores in non-calcifi ed plaques, 
but not in calcifi ed plaques [ 54 ]. By comparing the OCT and 
NIRS imaging data, poor overall agreement between NIRS 
and OCT was reported for detection of lipid [ 55 ]. Although 
it is unclear what could be the gold standard for these clinical 
studies, further investigation of NIRS technology is warranted 
to establish the potential clinical utility of OCT-NIRS catheter 
for routine intravascular diagnostics.  

15.3.5.4     OCT-Fluorescence (Molecular Tagging) 
 Fluorescence imaging is potentially one of the most sensitive 
and specifi c methods for obtaining information about the 
molecular composition of arterial tissues. Some tissue con-
stituents, such as type I collagen and NADH, have intrinsic 
fl uorescence properties that can be imaged directly by measur-
ing auto-fl uorescence signals. Barton et al. demonstrated an 
endoscope for pre-clinical imaging that combines OCT and 
fl uorescence spectroscopy [ 56 ]. Multiple UV-visible light 
bands were used for fl uorescence excitation and fl uorescence 
signals were recorded from several wavelength bands. The 
correct classifi cation rates were 97 % and 91 %, respectively, 
for normal and plaque regions of excised aortic specimens. 
The same group also developed a multimodality catheter for 
mouse colon cancer imaging [ 57 ]. The catheter contains three 
parallel fi bers, two multimode fi bers for the fl uorescence 
channel and one single-mode fi ber for the OCT channel. It was 
found that OCT could be used as the primary method for iden-
tifying abnormal tissue by detecting epithelial thickening and 
structure deformation, while auto- fl uorescence signals could 
be used for matching the fl uorescence spectra of chemical 
compounds associated with the lesions. However, although 
statistically signifi cant differences was found between normal 
and diseased tissues, the sensitivity and specifi city were lim-
ited by variations of the fl uorescence signal. 

 It may be possible to obtain better diagnostic accuracy by 
imaging specifi c biomarkers instead of common tissue types. 
Cardiac biomarkers have been identifi ed for assessing infl am-
mation, endothelial dysfunction, thrombosis, oxidative and 
ischemia stress, metabolic dysregulation and other pathologi-
cal disorders [ 58 ]. Because most natural biomarkers do not 

a

b

  Fig. 15.8    OCT-NIRS images of cadaver coronary artery ex vivo. Both 
OCT images show lesions with reduced backscattering. NIRS image 
shows absorption spectra of tissue versus wavelength, representing the 
total attenuation normalized for the entire data set; ‘1’ and ‘0’ corre-
spond to the maximum and minimum absorption within the data set, 
respectively. The NIRS signal in ( a ) does not demonstrate a high lipid 
signal, while the NIRS signal in ( b ) shows the presence of abundant 
lipid. These fi ndings suggest that the lesion in ( a ) does not contain 
much lipid whereas the lesion in ( b ) is lipid-rich. Scale bars, 500 μm 
(From Fard et al. [ 53 ])       
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have intrinsic optical properties that allow detection at low 
concentrations, contrast agents have been designed to bind 
with them and emit fl uorescence signals [ 59 ]. To avoid the 
strong autofl uorescence background in the visible region of 
the spectrum, the biomarkers are typically imaged using con-
trast agents that fl uorescence in the near infrared. 

 Yoo et al. recently described a system and catheter that is 
capable of simultaneous OFDI (another acronym for FD-OCT) 
and near-infrared fl uorescence (NIRF) imaging [ 60 ]. Instead of 
using multiple fi bers, a single double-clad fi ber was employed, 
which enabled the outer diameter of the catheter to be reduced 
to 0.8 mm. The OFDI axial resolution was 7 μm and the trans-
verse resolution was 30 μm, while the NIRF resolution was 

about 100 μm. The NIRF measurements were precisely co-
registered to OFDI and provided highly sensitive detection of 
nanomolar concentrations of Cy7 NIR fl uorochrome. Both 
stent-associated thrombus and infl ammatory enzyme activity 
were imaged in human coronary arteries ex vivo and in a rabbit 
iliac artery in vivo. Structural features, such as the stent struts, 
stent-associated thrombus, macrophages, and layers of the arte-
rial wall were imaged with OFDI. The NIRF measurements 
mapped the fi brin distribution via the fi brin-specifi c molecular 
tag Cy7 and the distribution of infl ammatory protease via an 
activatable cysteine protease agent (Fig.  15.9 ).

   The combination of intravascular OCT and molecular 
imaging may offer new insight into human atherosclerosis. 

  Fig. 15.9    OFDI ( gray scale ) with thrombus segmentation ( purple ) 
( left column ), overlaid OFDI ( gray scale ) and NIRF ( yellow scale ) 
images ( middle column ), and corresponding H&E histology (Original 
magnifi cation × 25) ( right column ). The top row and the insets demon-
strate OFDI, NIRF, and histology data showing corresponding micro-
structural features, such as a side branch ( red asterisk ), stent struts 
( yellow asterisks  in OFDI,  black asterisks  in H&E), and thrombi ( red 

arrow ). Areas ( blue arrowhead ) without NIRF signal were devoid of 
fi brin by histology. Strong NIRF was observed where thrombus was 
detected by OFDI and histology ( middle row ,  red arrow ). In another 
area ( lower row ), a weaker fl uorescence signal was detected corre-
sponding to fi brin as confi rmed by histology, but without evidence of 
protruding thrombus by OFDI ( red arrowheads ).  White asterisks -stent 
strut shadows (From Yoo et al. [ 60 ])       
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Although it is still in a pre-clinical stage, early studies have 
already demonstrated the feasibility of the combination. 
However, regulatory approval of contrast agents remains a 
key hurdle to clinical translation. Also, the clinical value of a 
system that combines OCT and fl uorescence imaging must 
be demonstrated before it can expect to gain widespread 
application outside of the research laboratory.   

15.3.6     Novel Blood Clearing Methods 

 Because of its ready availability and desirable physical prop-
erties, angiographic contrast is currently the medium of 
choice for blood clearance in OCT imaging procedures. It 
has low optical attenuation within the spectral band in which 
current intravascular OCT systems operate (1,250–1,360 nm) 
and its high viscosity (approximately 2 times the viscosity of 
blood and 3–4 times the viscosity of water) facilitates the 
displacement of red cells in fl owing blood [ 61 ]. However, 
contrast increases the risk of nephropathy in patients with 
compromised kidney function [ 62 ]. 

 The introduction of fast frequency-domain technology 
has reduced the volume of radiographic contrast required to 
obtain OCT images over long vessel segments. Effi cient pro-
cedural workfl ow that coordinates cineangiography and 
OCT can also reduce contrast use [ 63 ]. Nonetheless, the 
requirement for injection of contrast media for image acqui-
sition continues to be a limitation of OCT. 

 A variety of alternatives to contrast media for OCT imag-
ing have been investigated over the past decade, including 
dextran [ 61 ,  64 ], artifi cial blood substitutes [ 65 ,  66 ], and car-
bon dioxide [ 67 ]. Biocompatibility and optical transparency 
are two of the fundamental requirements that any OCT blood-
clearing medium must satisfy. To be considered biocompatible 
for intra-arterial injection, the medium must be sterile, non-
toxic, and have a short residence time in the bloodstream. In 
addition, it must not cause electrolytic disturbances that induce 
cardiac arrhythmias when injected into the coronary arteries. 
Moreover, to displace red cells effi ciently at the recommended 
injection rates of 3–4 ml/s, the viscosity of the medium should 
be comparable to or greater than that of blood [ 61 ]. 

 Dextran-40 (LMD-L), a low-molecular weight dextran, has 
been the most extensively studied alternative to contrast media 
for OCT imaging [ 61 ]. LMD-L has been used in clinical prac-
tice in Japan as a fl ushing medium for coronary angioscopy [ 68 ] 
and time-domain OCT [ 69 ]. With a viscosity slightly less than 
that of blood, LMD displaces blood more effi ciently than saline, 
but requires higher volumes and/or fl ow rates to provide blood 
clearance equivalent to that of contrast [ 61 ]. The optimum rates 
and volumes for manual and pump-assisted injection of LMD-L 
for FD-OCT imaging have not yet been established. To date, the 
feasibility and safety of Dextran-40 for OCT imaging has been 
demonstrated in a total of 48 patients in two studies [ 61 ,  64 ]. 

LMD-L has been associated with renal failure at high cumula-
tive volumes (>1 l) in other studies [ 70 ], but its  nephrotoxicity at 
low volumes is unknown. At present, the use of Dextran-40 as 
an alternative to contrast is regarded as an off- label approach 
that continues to undergo clinical investigation [ 63 ]. 

 Artifi cial blood substitutes have also been investigated in 
pre-clinical studies as alternatives to contrast for OCT imaging 
[ 65 ,  66 ]. A potential advantage of these agents is their ability to 
supply oxygen to tissues during prolonged imaging periods. 
The two main types of oxygen-carrying blood substitutes that 
have been investigated are stabilized hemoglobin solutions 
(Oxyglobin and Hemopure; Biopure, Inc., now OPK Biotech, 
Cambridge, MA) and perfl uorocarbon (Fluosol) emulsions. 
Since both of these types of blood substitutes attenuate near-
infrared light much less than blood, they enable OCT imaging 
when blood is temporarily displaced [ 66 ]. However, their rela-
tively low viscosities reduce fl ushing effi cacy compared to that 
of contrast. Although one form of Fluosol was granted approval 
by the FDA in 1989 for use during cardiac angioplasty, there is 
currently no FDA-approved blood substitute available on the 
market. Questions about the safety of blood substitutes remain 
and safety continues to be a primary focus of development for 
second- and third-generation blood substitutes [ 71 ]. If these 
efforts prove to be successful and new products enter the mar-
ket, it is likely that researchers will renew their interest in inves-
tigating oxygen-carrying blood substitutes for OCT imaging. 

 Carbon dioxide (CO 2 ) is currently used as medium for 
digital subtraction angiography in peripheral vascular 
patients with chronic renal insuffi ciency. In a recent case 
study, performed with institutional review board approval, 
OCT pullback images of a diseased superfi cial femoral artery 
were obtained by using hand-injected CO 2  to displace blood 
[ 67 ]. The authors of this study concluded that CO 2  may be a 
viable option to avoid nephrotoxicity in patients with chronic 
renal insuffi ciency or congestive heart failure. An additional 
advantage of CO 2  as a blood-clearing agent is that it expands 
the effective scan radius of the OCT system for imaging ves-
sels with large lumens, because its refractive index is sub-
stantially lower than that of contrast (1.0 vs 1.45). 

 OCT remains an investigational modality in peripheral 
vascular imaging and its potential clinical role has not been 
defi ned. CO 2  is contraindicated for use in coronary, cerebral, 
and spinal arteries, because of the risk of air embolism [ 72 ]. 
Therefore, the utility of CO 2  as an alternative to angiographic 
contrast will depend on how the application of OCT in 
peripheral vascular imaging evolves.      
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