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Preface

In 1991, optical coherence tomography (OCT) was initially introduced to image the transpar-
ent tissue of eyes at a level of resolution significantly greater than conventional ultrasound
technique. OCT wuses infrared light to produce images on a micrometer scale. The intensity
of the reflected light is displayed as a false color or grey scale image. OCT imaging is analo-
gous to ultrasound B mode imaging, except that it performs imaging by measuring the in-
tensity of reflected or back scattered light rather than acoustic waves. An optical beam is
scanned across the tissue and material, and the reflected light is measured as a function of
depth and transverse position.

Preliminary clinical studies in ophthalmology have demonstrated that OCT can non-inva-
sively image the retina with high resolution and should be a powerful diagnostic tool for a
range of macular diseases. Then, OCT was applied to many fields of medicine and engineer-
ing such as oncology and cardiology. This book is intended to serve as up-to-date knowl-
edge of this technique, not only for medical doctors and students but also for researchers
and engineers. Contents of this book were divided four sections: ophthalmology, oncology,
atherosclerosis and engineering. It is our hope that this book will provide readers with com-
prehensive information of OCT.

Finally, I wish to give special thanks to all the contributing authors and the extraordinary
staff of the open access publisher InTech, in particular Ms. Iva Simcic and Ms. Ivona Lovric,
for their tireless supports.

Masanori Kawasaki, MD, PhD, FACC, FJCC
Senior Lecturer of Department of Cardiology
Gifu University Graduate School of Medicine

Japan
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Chapter 1

Current Applications of Optical Coherence
Tomography in Ophthalmology

Nadia Al Kharousi, Upender K. Wali and
Sitara Azeem

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53961

1. Introduction

Optical coherence tomography (OCT) was first reported in 1991 as a non-invasive, cross-sec-
tional ocular imaging technology (Huang et al., 1991) and today is the most promising non-
contact, high resolution tomographic and biomicroscopic imaging device in ophthalmology.
It is a computerized instrument structured on the principle of low-coherence interferometry
(Huang et al., 1991; Hrynchak & Simpson., 2007) generating a pseudo-color representation
of the tissue structures, based on the intensity of light returning from the scanned tissue.
This noninvasive, noncontact and quick imaging technique has revolutionized modern oph-
thalmology practice. The current applications of OCT have been improvised and expanded
dramatically in precision and specificity in clinical medicine and industrial applications. In
medicine, the technique has been compared to an in-vivo optical biopsy. As the resolution of
OCT has been improving with time, the localization and quantification of the tissues has ac-
cordingly, become more refined, faster and predictable (Ryan SJ, 2006). What was initially
and mainly a posterior segment procedure, OCT has now wider applications in anterior seg-
ment of the eye as well. The first anterior segment OCT (AS-OCT) was available in 1994. Its
current use in cornea and refractive surgery including phakic intraocular lens implantation,
laser-assisted in situ keratomileusis (LASIK) enhancement, lamellar keratoplasty and intrao-
perative OCT has opened promising therapeutic and diagnostic options in both research
and clinical applications in ophthalmology. With an improved scan speed and resolution,
the new models of spectral-domain (SD)-OCT allow measurements with an even lower vari-
ability (Leung et al., 2009). Due to reduced measurement errors, e.g. due to motion artifacts,
the precision to track and interpret tissues has increased sharply (Leung et al., 2011). OCT is
intended for use as a diagnostic device to aid in the detection and management of ocular
diseases, however, it is not intended to be used as the sole aid for the diagnosis. Ultra-high

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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4 Optical Coherence Tomography

resolution (UHR) OCT is a new imaging system that is being used in several clinical and re-
search purposes. It is an objective technique and has been used for evaluation of tear fluid
dynamics, contact lens fitting, imaging of corneal structures, and to describe the characteris-
tics of epithelium, stroma and Descemet’s membrane in corneal dystrophies and degenera-
tions (Wang et al., 2010; Shen et al., 2010; Shousha et al., 2010]

2. The machine

There are different models of OCT machine available in the market. This chapter is based on
observations made with Cirrus-high definition (HD) spectral domain (SD) OCT (Carl Zeiss
Meditech Inc., Dublin, CA; software version 4.0). The light source of OCT is a broadband
superluminescent diode laser with a central wavelength of 840 nm. This light generates
back-reflections from different intraretinal depths represented by different wavelengths. The
acquisition rate of Cirrus-HD-OCT is 27 000 A-scans /second. The axial and transverse reso-
lutions are 15 and 5 pum, respectively. The vast increase in scan speed makes it possible to
acquire three-dimensional data sets. Current OCT models are mainly designed for analysis
of optic nerve head (optic disc cube), macula and anterior segment of the eye. The tomo-
grams are stored on the computer and/or archive medium, and can be quantitatively ana-
lyzed. A CCD video monitors the external eye and assists with scan alignment, while a line
scanning ophthalmoscope provides a clear image of the tissue addressed by the scan.

The main hardware components of the OCT include the scan acquisition optics, the interfer-
ometer, the spectrometer, the system computer and video monitor. Before scanning the pa-
tient looks into the imaging aperture and sees a green star-shaped target against a black
background (Figure 1). When scanning stars, the background changes to a bright flickering
red, and the patient may see thin bright lines of light, which is the scan beam moving across
the field of view. Normally, the patient can look inside the imaging aperture for several mi-
nutes at a time without discomfort or tiredness. Patient should be instructed to look at the
center of the green target, and not at the moving lights of the scan beam. (Figure 1).

Before scanning During scanning

Figure 1. Pattern of targets seen by the patient during OCT procedure.
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Anterior segment OCT uses light source with longer infrared wavelengths (1310 nm) to im-
prove the penetration through light scattering tissues, such as sclera and limbus. Unlike poste-
rior segment OCT, AS-OCT requires greater depth of field. AS-OCT also requires higher
energy levels than retinal OCT systems. Visualization of retroiridial structures is limited in
current AS-OCT, especially in presence of ocular surface opacities and heavy iris pigmenta-
tion (Goldsmith et al., 2005]. Currently Cirrus HD-OCT versions 4.0 and 5.0 cannot be used for
anterior segment structures, however, one of the latest software updates of Stratus OCT (ver-
sion 6.0) can measure corneal thickness and visualize structures of the anterior chamber angle.

UHR-OCT uses broadband light sources and has an axial resolution below 5 microns in the
tissue.

Intraoperative 3D SD-OCT is the current hot spot in ophthalmology. These systems are sep-
arate from the operating microscope and surgery has to be halted while performing the
scans. An ideal intraoperative OCT system must be integrated into the operating microscope
with a head-up display so that real-time imaging of the operative field can be made without
disrupting the surgery (Tang et al., 2010).
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Figure 2. Optic disc cube in a normal patient. See text for details.
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2.1. The optic disc cube (Figure 2)

This scan measures the retinal nerve fiber layer (RNFL) thickness in a 6 x 6-mm? area con-
sisting of 200 x200 pixels (axial scans). The RNFL thickness is measured at each pixel and a
RNFL thickness map is generated. The optic disc (black arrow) and the cup (red arrow) are
represented in the center of the scan. A calculation circle of 3.46-mm diameter consisting of
256-A scans is automatically positioned around the optic disc. It is ideal to have signal
strength > 6 for the scans. The scan gives an hour-pattern, quadrant-pattern and mean RNFL
thickness, which are color coded (white-thickest; green-normal; yellow-borderline, and red-
abnormally thin). The printout gives all credible measurements about the RNFL thickness,
rim area, disc area, cup-disc ratio and RNFL symmetry.

The scans of two eyes can be compared for symmetry. Latest models can detect saccadic eye
movements with the line-scanning ophthalmoscope overlaid with OCT en face during the
scanning. Images with motion artifact are rescanned. The SD-OCT has given a precise correla-
tion between optic disc neuroanatomy and histomorphometric reconstruction, which in turn
helps understand the pathogenesis in glaucoma (Alexandre et al., 2012; Strouthidis et al., 2009).

2.2. The macular cube (Figure 3)

Generates a cube of data through a 6mm square grid by acquiring a series of 28 horizontal
scan lines each composed of 512 A-scans, except for the central vertical and horizontal scans,
which are composed of 1024 A-scans each. There are two versions of the macular cube,
512x128 (Figure 3) and 200x200.

Figure 3. Macular Cube 512x128 in a normal patient. N-Nasal (left hand side of image); T-temporal (right hand side of
image). 1-RNFL; 2- Normal foveal depression; 3- plexiform layer (orange-green); 4-Nuclear layer (black); 5-Retinal pig-
ment epithelium (red band of high reflectivity); Short white arrow- External limiting membrane; long white arrow-
junction of inner and outer segments of photoreceptors (area of high reflectivity)

The 512 x 128 module has greater resolution in each line from left to right but less resolution
from top to bottom. The 200x200 module also has 6mm square grid and acquires 200 hori-
zontal scans each composed of 200 A- scans, except for the central vertical and horizontal
scans, which are composed of 1000 A-scans each. Detailed description of the basics of OCT
and its images are available on line (Wali & Kharousi., 2012) A 3-D option offers an added
advantage in defining the lesions (Figure 4).
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Figure 4. A look-alike of a 3-dimensional figure (here on a 2 dimension surface)

2.3. Anterior segment OCT

This is a custom-built, high speed ultra high resolution device which uses a 3-module super-
luminescent diode light source allowing an axial resolution of 2 to 3um. This enables mor-
phologic visualization of conjunctival and corneal architecture. (Shousa et al., 2011 & 2010).
The noninvasive nature and quick acquisition time (seconds) makes AS-OCT an ideal imag-
ing technique in handicapped and elderly patients.

3. Current applications of OCT in clinical ophthalmology

Optical coherence tomography provides both qualitative and quantitative (thickness and
volume) analyses of the tissues examined in-situ. OCT has been exploited in evaluating both
anterior and posterior segments of the eye.

The highest impact of OCT has been in aiding the diagnosis and following the response to
treatment and in patients suffering from diabetic retinopathy (DR) (Cruz-Villegas et al.,
2004), age-related macular degeneration (ARMD) (Mavro frides et al., 2004) and venous oc-
clusions.

Other applications include imaging morphology and lesions of posterior hyaloid like vitreo-
macular traction (Figure 5), vitreomacular adhesion (Figure 6) (Kang et al., 2004), detection
of fluid within and under the retina which may not be visible clinically. The retinal edema
can be measured and localized to different retinal layers. Macular holes (Mavrofrides et al.,
2005) and pseudoholes can be more accurately graded, defined and differentiated. Other in-
dications include diagnosis and defining of epiretinal membranes (ERMs) (Mori et al., 2004),
retinoschisis (Eriksson et al., 2004), retinal detachment, drug toxicities, RNFL thickness and
optic disc parameters.

OCT should not be the only criteria for diagnosis of any ocular disease. Valid perspectives of
patient’s systemic and ocular disease, clinical examination, fluorescein angiography (FA), in-
docyanine green angiography (ICGA), biomicroscopy, and above all, the relevant history of
the disease process should always be made partner with OCT imaging.
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Figure 5. Vitreomacular traction (yellow arrows) by posterior hyaloid membrane (red arrows) causing retinoschisis
(white arrows). S-superior (right side of image); I-Inferior (left side of image).

Figure 6. Vitreomacular adhesion: A taught thick posteior hyaloid face (yellow arrows) makes areas of adhesions
(white arrow) with the retinal surface producing marked irregularity (bumps) of the retinal tissue (red arrow). Note the
hard exudates (white box) and marked retinal thickening due to subretinal fluid (white triangle)

3.1. Anterior segment

There are several advantages of AS-OCT over conventional imaging methods like slit illumi-
nation, slit-scanning tomography, Scheimpflug imaging and ultrasound biomicroscopy
(UBM). The imaging resolution of AS-OCT is higher than these modalities and gives high
resolution cross-sectional 3D images of the anterior segment (Dawczynski et al., 2007; Tan et
al., 2011; Goldsmith et al., 2005) Recent models of AS-OCT provide topographic analysis, an-
terior and posterior elevation maps of the cornea and reliable pachymetric maps (Milla et al.,
2011; Nakagawa et al., 2011). It is an ideal research tool to demonstrate ciliary body contrac-
tion and lens movement during accommodation (Baikoff et al., 2004).

3.1.1. Cornea and refractive surgery

AS-OCT can be used to determine presurgical parameters in planning different anterior seg-
ment procedures. These parameters include anterior chamber depth, crystalline lens rise (dis-
tance between anterior pole of crystalline lens and the line joining two iridocorneal angle lines)
and anterior chamber angle morphology with reference to the scleral spur (Dawczynski et al.,
2007; Tan et al., 2011; Goldsmith et al., 2005). Such parameters can also be used to analyze post-
surgical chamber angle dynamics and in intraocular lens (IOL) power calculations (Dinc et al.,
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2010; Tan et al., 2011) Phakic IOL is becoming a very popular refractive surgery technique for
treatment of high refractive errors. AS-OCT simulates the position of the phakic IOL before
surgery by evaluation of anterior segment structures (Mamalis N., 2010). Postoperatively AS-
OCT can visualize the contact between the collamer refractive lens and the crystalline lens
(Lindland et al., 2010). In cataract surgery AS-OCT has been instrumental in analyzing the
structure, integrity and configuration of corneal incisions after cataract surgery (Jagow Von &
Kohnen., 2009) yielding information about corneal wound architecture, Descemet’s detach-
ment and wound leaks. Studies with AS-OCT have also revealed that corneal epithelial clo-
sure after cataract surgery was completed in 1-8 days (Can et al., 2011; Torres et al., 2006),
postoperative Descemet’s detachment occurred in 40-82% of patients on day one (Fukuda et
al., 2011] and that stromal hydration persisted for up to 7 days.

AS-OCT has proved very useful in early recognition of localized or total graft dislocation in
Descemet stripping automated endothelial keratoplasty (DSAEK), especially in eyes with
corneal edema and limited anterior chamber visualization (Kymionis et al., 2010). The tech-
nique can also aid in diagnosis of eccentric trephination and inverse implantation of the do-
nor (Ide et al.,, 2008; Kymionis et al., 2007; Suh et al., 2008). AS-OCT has been pivotal in
documenting the cause of hyperopic shift in DSAEK eyes, which was induced by a high ra-
tio of central graft thickness to peripheral graft thickness (Yoo et al., 2008). Epithelial in
growth in refractive surgery can be confirmed by OCT images (Stahl et al., 2007).

OCT imaging and femtosecond laser-assisted surgeries are the most rapidly advancing tech-
nologies in modern day ophthalmology. Thickness is an important parameter in refractive
surgery and no technique other than OCT can give accurate, uniform and predictable thick-
ness measurements before, during and after surgery. The pachymetry map of AS-OCT can
be used in femtosecond laser-assisted astigmatic keratotomy, LASIK enhancement and in-
trastromal tunnel preparation for intracorneal ring segments (Hoffart et al., 2009; Nubile et
al., 2009). AS-OCT is very helpful in determining the accurate depth of the arcuate incisions,
and in the postoperative follow up of patient with femtosecond astigmatic keratotomy and
intracorneal ring segments. The images can explain the reasons behind unexpected postsur-
gical surprises (Yoo & Hurmeric., 2011). Femtosecond-assisted lamellar keratoplasty (FALK)
is a highly promising refractive surgical technique that requires OCT data in accurate pre-
surgical planning (Yoo et al., 2008). These procedures include anterior lamellar keratoplasty
and deep anterior lamellar keratoplasty. AS-OCT imaging is the first step to measure the
depth of anterior stromal scar and this determines the preparation of the donor and the re-
cipient corneas. The morphology of the perfect match (donor and recipient) is confirmed by
AS-OCT imaging. AS-OCT helps in careful planning of structure, thickness and shape of
LASIK flap (Li et al., 2007; Rosas et al., 2011]. It is the depth of corneal incisions as obtained
from AS-OCT that determines the success of new surgical techniques like femtosecond-as-
sisted corneal biopsies, corneal tattooing and collagen crosslinking (Kymionis et al., 2009;
Kanellopoulos et al.,2009; Nagy et al., 2009).

New platforms provide integrated OCT systems in the operating microscopes to perform
the anterior segment procedures like corneal incisions, continuous curvilinear capsulorrhex-
is, nucleus softening, lens fragmentation, and focusing the laser in 3D manner in femtosec-
ond-assisted cataract surgery (William et al., 2011; Wang et al., 2009).
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Another milestone in OCT technology has been development of intraoperative 3D SD-OCT
in the supine position (Dayani et al., 2009). This technique has been used for intraoperative
evaluation of the presence of interface fluid between the donor and the recipient corneas in
DSAEK.

3.1.2. Ocular surface disorders

OCT can be used for assessment of conjunctival and corneal tissue planes with high axial
resolution. (Christopoulas et al., 2007 ; Shousha et al., 2011]. The technique acts as an adju-
vant tool in diagnosing ocular surface squamous neoplasia and pterygia (Jeremy et al.,2012).
OCT is in potential use for diagnosis and patient follow-up during the course of medical
treatment and continued watch for recurrence of neoplasia without any need for repeated
biopsies. Also the technique may be helpful in determining the extent of the tumor to facili-
tate its complete excision. AS-OCT guided subtenon injections of drugs like triamcinolone
has reduced chances of inadvertent perforations and unwanted targets.

3.1.3. Glaucoma (anterior segment)

Recently Fourier-domain OCT has been used to examine the position, patency and the inte-
rior entrance site of the anterior chamber aqueous tube shunts. This high resolution OCT
shows exact position of the AC entrance relative to Schwalbe’s line and growth of fibrous
tissue between the tube and the corneal endothelium. Such findings could not be seen with
slit-lamp examination or lower resolution time-domain OCT. The tube position visualized
by slitlamp examination differed from OCT finding (Jiang et al., 2012). OCT is also very
helpful in correlating the clinical and visual field changes in glaucoma and ocular hyperten-
sion patients (Figure 7 & 8).

Figure 7. Fundus photo showing glaucomatous cupping temporaly.
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Figure 8. OCT printout of optic disc cube showing glaucomatous changes. The red measurements indicate abnormal
thinning of RNFL, yellow areas represent borderline thickness of RNFL and green areas mean normal thickness of
RNFL.

3.1.4. Ultrahigh Resolution (UHR) OCT

Ultrahigh resolution (UHR) OCT has been more practical and advantageous over confocal
microscopy in making a clear distinction between morphologic and histopathologic features
between normal and abnormal epithelium in ocular surface squamous neoplasia and ptery-
gia. This is so because OCT is a noncontact method, has rapid image capture, and provides a
cross-sectional view of the tissue. One of the recent clinical applications of UHR- OCT is the
identification of the opaque bubble layer as a bright white area in mid stroma in femtosec-
ond laser-assisted LASIK flap creation (Nordan et al., 2003). This technique has been of im-
mense help to refractive surgeons in analyzing the flap integrity, indistinct flap interface or
epithelial breakthrough in LASIK surgery (Seider et al., 2008; Ide et al., 2009; Ide et al., 2010).
OCT is not a substitute for histopathologic specimens; however, it can be a potential nonin-
vasive diagnostic adjuvant in diagnosis and surveillance of anterior segment pathologies of
the eye.
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3.2. Posterior segment

OCT now has a role in varied types of posterior segment pathologies (inflammatory, non-
inflammatory, degenerative, vascular, traumatic, neoplastic, and metastatic) where the tech-
nique clearly defines the levels of various pathologic lesions in the posterior hyaloid, retina,
retinal pigment epithelium and choroid, which in turn defines the mode and success of ther-
apy. Such lesions may be superficial (epiretinal and vitreous membranes (Figures 6, 9 and
10), cotton wool spots, retinal hemorrhages, hard exudates (Figure 11), cysts (Figure 12), reti-
nal fibrosis, and retinal scars (Figure 13) or deep (drusen-Figure 14), retinal pigment epithe-
lial hyperplasia and detachment (Figure 15), intraretinal and subretinal neovascular
membranes (Figure 16), scarring (figure 13) and pigmented lesions).

(LN Ty !
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Figure 10. Retinal infoldings due to epiretinal membrane: 1: color map showing marked thickening (silver white and
red areas) of ILM (internal limiting membrane)-RPE (retinal pigment epithelium) interface. 2: grey tone video image
showing irregular surface with striations due to fibrous membrane. 3: ILM map showing marked irregularity due to
contraction of the fibrous membrane. 4: A relatively intact RPE. Note the teeth-like infoldings of the retinal surface
(yellow arrows) produced by ERM.
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Figure 11. Hard exudates (white arrows). White triangle indicates the shadow cast by the exudate. The ILM-RPE color
map shows three humps due to exudates.

BAscisla Thickrses | Macular Cubs 3130178 00 1| i 08

Figure 13. A: Extensive retinal scarring in a thin atrophic retina (orange red hyperreflective band between arrows).
13B- Scarring following involution of CNVM (arrow)
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Figure 14. Drusen with bumps in the RPE (arrows). The drusen bumps produce characteristic humps in the color maps
of ILM-RPE interface.

Figure 15. Thickened, irregular and detached RPE (arrow)

Figure 16. Myopic CNVM: Fundus photo gives a vivid description of myopic peripapillary atropy and a greyish white
neovascular membrane in the macular area (encircled). FFA shows characteristic leakage corresponding to the area of
neovascular membrane. OCT image depicts a hyperreflective subfoveal CNVM with increased retinal thickness (thick
arrow).

3.2.1. Disorders of vitreous and posterior hyaloid

Vitreomacular traction (VMT) and vitreomacular adhesion (VMA) may be difficult to detect
clinically. OCT is extremely helpful in such cases by showing hyperreflectivity. The traction
by the membrane to the retina induces deformations of the retinal surface (Figure 17).
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Figure 17. Vitreomacular traction. Note the multiple areas of traction caused by taught posterior hyaloid on retinal
tissue (arrows).

3.2.2. Retinal edema

The most common primary cause of retinal thickening is edema. One of the major achieve-
ments of OCT has been quantitative assessment of retinal edema in terms of measuring its
thickness and volume, evaluate the progression of the pathologic process, and monitor sur-
gical or non-surgical intervention (Kang et al., 2004). Retinal edema may manifest in differ-
ent categories:

Focal or diffuse edema: Common causes include diabetic retinopathy, central retinal venous
occlusion, branch retinal venous occlusion, arterial occlusion, hypertensive retinopathy, pre-
eclampsia, eclampsia, uveitis, retinitis pigmentosa and retraction of internal limiting mem-
brane. OCT helps in diagnosis of edema in preclinical stage when there may be no or few
visible changes.

Cystoid macular edema (CME): (Figure 18) Common causes of CME include diabetic retinop-
athy, age-related macular degeneration (ARMD), venous occlusions, pars planitis, Uveitis,
pseudophakos, Irvine-Gass syndrome, Birdshot retinopathy and retinitis pigmentosa. OCT
usually shows diffuse cystic spaces in the outer nuclear layer of central macula, and increased
retinal thickness which is maximally concentric on the fovea (Mavrofrides et al., 2004).

Figure 18. Cystoid macular edema in a patient with CRVO. Color fundus image shows disc hemorrhage, venous tor-
tuosity, cotton wool exudates and retinal hemorrhages. FFA shows characteristic venous staining, leakge and blocked
fluorescence due to underlying hemorrhage. OCT image depicts marked increase in retinal thickness due to edema.
Note the intraretinal cysts and subretinal fluid (arrow).

Serous retinal detachment: The cysts of retinal edema over a period of time loose their walls
and merge together forming single or multiple pools of fluid within retinal layers or between
retinal pigment epithelium (RPE) and the sensory retina (Villate et al., 2004.) (Figure 19)
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Figure 19. Serous retinal detachment (dark zone between white arrows) in a patient with severe nonproliferative dia-
betic retinopathy. Red arrows indicate subfoveal exudates.

3.2.3. Retinal pigment epithelial detachment (Figure 20)

Its pathophysiology involves passage of serous fluid from the choriocapillaries to the sub-
RPE space or collection of blood under RPE causing its separation and elevation from the
Bruch’s membrane. OCT scans show a classical dome-shaped detachment of the RPE with
intact contour in early stages (Figure 14).

Figure 20. RPE detachment with hyperplasia (asterisk).

3.2.4. Epiretinal membranes (ERM)

Epiretinal membranes are fibroglial proliferations on the vitreo-retinal interface (Figure 10).
They may be sequel of chronic intraocular inflammations, venous occlusions, trauma, post-
surgical or may be idiopathic. OCT helps in confirming such membranes (Suzuki et al., 2003;
Massin et al., 2000).

3.2.5. Secondary retinal lesions

OCT is important to document the presence, degree and extent of subretinal fluid (Villate et
al., 2004), assessment of the level of retinal infiltrates and detect macular edema in patients
with chronic uveitis where hazy media may prevent clinical examination to find the cause of
reduced vision (Antcliff et al., 2002; Markomichelakis et al., 2004).
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3.2.6. Retinoschisis

It is the separation or splitting of the neurosensory retina into an inner (vitreous) and outer
(choroidal) layer with severing of neurons and complete loss of visual function in the affect-
ed area (Figure 21). Typically the split is in the outer plexiform layer. In reticular retinoschi-
sis, which is less common, splitting occurs at the level of nerve fiber layer. Retinoschisis may
be degenerative, myopic, juvenile or idiopathic. Presence of vitreoretinal traction is an im-
portant cause. OCT reveals wide space with vertical palisades and splitting of the retina into
a thinner outer layer and thicker inner layer (Eriksson et al., 2004).

Figure 21. Retinoschisis: Note the splitting of retina into inner (small arrow) and outer layers (large arrow)

3.2.7. Macular holes

Lamellar hole: OCT depicts a homogenous increase in foveal and perifoveal retinal thick-
ness, and presence of residual retinal tissue at the base of the hole (Figure 22).

Figure 22. OCT image of a lamellar thickness macular hole with residual retinal tissue remaining between the base of
the hole (arrow) and the RPE.
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Full thickness macular hole: Majority of macular holes are idiopathic. Other causes include
trauma, high myopia, vascular lesions (DR, venous occlusions, and hypertensive retinop-
athy) and subretinal neovascularization. OCT features in a full thickness macular hole in-
clude complete absence of foveal retinal reflectivity with no residual retinal tissue.
Thickened retinal margins around the hole with reduced intraretinal reflectivity are clearly
seen in such cases (Figure 23).

Figure 23. OCT (S-1): A full thickness macular hole (long arrow) in a diabetic patient with detached posterior hyaloid
(short arrow). The T-N axis shows subretinal fluid collection (arrow). Color map: Top: red circle delineates edema; Mid-
dle: delineates a hole with elevated margins; Bottom: normal RPE.

3.2.8. Diabetic retinopathy

OCT is a vital tool in the hands of a vitreoretinal surgeon that aids in diagnosis, treatment
and follow up of patients with DR. (Cruz-Villegas et al., 2004; Schaudig et al., 2000).

OCT features in DR include retinal edema, cotton wool spots, exudates, hemorrhages and
ischemia. (Figures 24, 25)

Figure 24. NPDR: color fundus photo shows classical moderate to severe NPDR with hemorrhages, exudates and mac-
ulopathy. FA shows retinal edema confined mainly to macular area. The foveal avascular zone is enlarged. OCT image
shows VMA (white arrow), detached posterior hyaloid (yellow arrow), retinal thickening and intraretinal edema.
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Figure 25. Proliferative diabetic retinopathy (PDR): Color fundus photo shows neovascularization of disc (NVD-blue
arrow), neovascularization elsewhere (NVE- white arrow) and exudates. FFA shows corresponding leakge of dye. OCT
image shows exudates (white arrows), a thin ERM and mild retinal edema.

3.2.9. Drug toxicities

OCT studies have started evaluating the retinal / macular toxic side effects of systemic drugs
like hydroxychloroquine (Marmor., 2012), chloroquine (Korah and Kuriakose., 2008), tamox-
ifen (Hager et al., 2010), ethambutol (Menon et al., 2009 ), vigabatrin (Moseng et al., 2011)
and tadalafil. (Coscas et al., 2012) Besides, the technique is being used in many research cen-
ters for studying retinal effects of a varied number of compounds in animal models.

3.2.10. Inflammatory lesions

OCT displays common associations of inflammation like edema, hemorrhage and scarring
(Figure 26).

Figure 26. Color fundus image of a healed lesion of macular toxoplasmosis. OCT image shows scarring (arrow) associ-
ated with a retinal cyst (asterix).

3.2.11. Trauma and foreign bodies

Though clinical details of retinal foreign bodies may be quite discernible superficially, OCT
gives a detailed description of the retinal layers affected and the sequel of impacted deeper
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foreign bodies (Figure 27). The sequel of blunt eye injuries may be sub-clinical and OCT
helps in determining the cause of unexplained reduced vision in such cases (Figure 27A).

Figure 27. Embedded metallic retinal foreign body (arrow) with inferior retinal hemorrhage. OCT image showing reti-
nal deformation with fibrosis (arrow) and vitreo-retinal debri (asterix). Note the deformation of the ILM-RPE color

maps caused by fibrosis.

Figure 28. A(adobe): Submacular retinal detachment (arrows) in a 17 year old boy who sustained blunt eye injury af-
ter being hit by a football in the eye.

3.2.12. Neoplastic /metastatic lesions

OCT yields valuable information in such lesions especially when clinical examination may

not be decisive due to media opacities (Figure 29).
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Figure 29. A 57 year old male with metastatic subretinal lesion. OCT image shows large dome shaped retinal (short
arrow) and retinal pigment epithelium (long arrow) detachment associated with subretinal fluid (asterix).

The most exploited use of OCT has been in the field of treatment guidelines and response to
therapies in diabetic retinopathy (figure 30), retinal vascular occlusions (figure 31), vascular
lesions (figure 32), age related macular degeneration (figure 33), and intraocular inflamma-
tions. Physicians, who are used to OCT technology, feel more confident in diagnosing and
managing such retinal disorders.

Figure 30. Diabetic macular edema: FFA shows diffuse leakage of dye in the macular area. OCT image (A): before
treatment: diffuse macular edema with cystoid spaces (arrow) and subretinal fluid (asterix; central subfoveal thickness
836 microns). The septa (arrow) between retinal cysts are comprised of Miller’s fibers. OCT image (B): dramatic im-
provement in retinal edema (central subfoveal thickness 230 microns) after intravitreal bevacizumab injections.

Figure 31. Left: Cystoid macular edema in a patient with branch retinal vein occlusion before therapy. Right: Two
months after two intravitreal injections of bevacizumab the edema had resolved and normal foveal architecture was
restored.
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Figure 32. Juxtapapillary choroidal neovascular membrane in a 39 year old male. Color fundus photo shows the hem-
orrhage in deeper retinal layers with a circumscribed area of subretinal exudation (delineated by blue arrows). FFA
shows leakge of dye from the juxtapapillary neovascular membrane. The dark area corresponds to blocked fluores-
cence due to hemorrhage. OCT image (A-before treatment) shows classical CNVM mound (arrow) with subretinal flu-
id in supero-temporal quadrant (asterix). OCT image (B) 18 weeks after three intravitreal injections of anti-VEGF drug
ranibizumab shows brick-red organization (fibrosis) of CNVM (arrow) and resolution of subretinal fluid.

Figure 33. Age-related macular degeneration with CNVM. FFA shows a ring and central spot of hyperfluorescence in
the macular area. OCT image A (30 April 2012) shows active CNVM (ovoid) with retinal edema and RPE deformity (ar-
row). The patient received two injections of intravitreal anti-VEGF drug ranibizumab. OCT image B (30 May 2012)
shows marked regression of CNVM and retinal edema although retinal contour is altered.

Other therapeutic applications of OCT include accurate assessment of outcome of the effect
of pharmacological or surgical interventions like photodynamic therapy (PDT), transpupil-
lary thermotherapy, vitreoretinal surgery, anti-VEGF therapy, intravitreal steroid therapy
and therapeutic Intravitreal implants (Rogers et al., 2002).
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Recently OCT has confirmed benefit of intravitreal recombinant truncated human plasma
serine protease ocriplasmin in treatment of non-symptomatic vitreomacular adhesion in-
cluding macular hole (Decroos et al., 2012; Stalmans et al., 2010). OCT stays as sheet anchor
in confirmation of successful surgical closure of macular holes (Jumper et al., 2000; Sato et
al., 2003). In partial or unsuccessful surgeries, OCT evaluates the retinal anatomy to find rea-
son for poor visual outcome.

4. Pediatric ophthalmology

SD-OCT allows detection of subclinical anatomic changes in neonates and infants, although
experience on its use in retinopathy of prematurity (ROP) is limited (Chavala et al., 2009;
Vinekar et al., 2010; Muni et al., 2010; Maldonado et al., 2010; Lee et al., 2011). Cystoid macu-
lar edema (CME) can be detected by SD-OCT in premature infants at risk for ROP but not
when using indirect ophthalmoscopy (Maldonado et al., 2011). SD-OCT could be useful in
detecting CME in neonates with mild and advanced ROP (Vinekar et al., 2011). Tomograph-
ic thickness measurements of cystoid macular edema in ROP predict the risk of requiring
laser treatment or developing plus disease or ROP stage 3 (Maldonado et al., 2012). OCT is
proving innovative in studying the macular characteristics in amblyopic eyes where the
average thickness of foveolar neuroretina has been found to be larger than that of normal
eyes (Wang et al., 2012)

5. Limitations of OCT

As with any new technology, limitations are inherent and so are with UHR-OCT. In anterior
segment, leukoplakic or hyperreflective lesions often cast shadows on the underlying tissue.
This may hide the diagnosis of underlying pathology.

6. Future strategies in OCT

Besides having OCT integrated slit lamp, increasing scanning speed and better axial resolu-
tion which would allow us to visualize tissues at the cellular level would be and should be
the objective of future OCT imaging.
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1. Introduction

The term ‘white dot syndromes’ (WDS) refers to several inflammatory diseases of the retina
and choroid caused by immune dysregulation. They consist of the following disorders, with
overlapping clinical features:

* Acute posterior multifocal placoid pigment epitheliopathy (APMPPE)
* Serpiginous choroidopathy

* Multiple evanescent white dot syndrome (MEWDS)

* Birdshot retinochoroidopathy

* Acute retinal pigment epitheliitis (ARPE)

* Multifocal choroiditis and panuveitis syndrome (MCP)

* Punctuate inner choroidopathy (PIC), and

* Acute zonal occult outer retinopathy (AZOOR)

These conditions usually occur following an influenza-like illness, but their patho-physiologic
mechanism remains poorly understood. The white dot syndromes affect more frequently
young females and individuals with mild myopia, and present as white or yellow, deep, round
lesions in the central fundus. Their size and number can vary between each entity, as well as
their uni- or bilateral involvement.
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In addition to these clinical parameters, fluorescein (FA) and indocyanine green angiographies
(ICGA) help in identifying the diagnosis [1]. They also help assess the level of inflammatory
activity and detect complications.

The high resolution of the scans generated by Spectral Domain Optical Coherence Tomogra-
phy (SD-OCT) offers a helpful tool in the management of WDS. SD-OCT allows a direct, non-
contact visualization of involved retinal layers and thereby provides information concerning
the:

* accurate location of the inflammatory process

* integrity of the photoreceptors inner segment / outer segment junction (IS/OS)
* course of the inflammatory process, leading to resolution or residual scarring
* presence of complications such as neovascularization

Moreover, the use of ‘en-face’ OCT for WDS allows a layer-by-layer view of the involved retina.
This novel imaging technique generates frontal scans derived from SD-OCT.

The scans of "en face" OCT imaging of WDS were obtained by Spectral-domain OCT (Spec-
tralis® Heidelberg Engineering, Heidelberg, Germany). For every case, the macula was
analyzed using SD-OCT (Spectralis® Heidelberg Engineering, Heidelberg, Germany) and
macular mapping consisting of 197 transverse sections in a 5.79 x 5.79 mm? central retinal area.
Tridimensional reconstruction generated by the pooling of these sections provides a virtual
macular brick, through which 496 shifting sections in the coronal plane result in the C-scan,
or “en face” OCT.

In contrast, B-scans for conventional OCT are derived from sagittal and transverse sections.
Enhanced depth imaging OCT (EDI-OCT) is a new tool that improves the sensitivity of the
imaging in deeper layers of retinal tissue. The visualization of the choroid is increased and
thus the obtained measurements are more accurate.

For each condition belonging to the WDS, we compared the results from SD-OCT “B-scan”
and ‘en-face’ with data from classical retinal imaging, namely fundus photography and
angiography.

2. MEWDS, Multiple evanescent white dot syndrome (figure 1)

MEWDS typically affects young females, and presents as a sudden visual loss with paracentral
scotomas. In 80% of cases the condition remains unilateral. Fundus examination reveals small,
discrete perifoveolar dots, very mild vitritis, and, in some cases, papillitis. On fluorescein
angiography these dots appear hyperfluorescent, but are hypofluorescent on ICGA. The
natural history leads usually to complete and spontaneous resolution within weeks.

* SD-OCT at the acute stage identifies the lesions in the outer retina as hyperreflective
thickened lesions of the inner segment/outer segment (IS/OS) junction, alternating with
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disruption of the IS/OS junction [2]. Small highly reflective dots involving the RPE inner
layer, the IS/OS junction and the outer nuclear layer can be observed. EDI-OCT frequently
demonstrates choroidal thickening.

* ‘En-face’ OCT shows multifocal involvement in the plane of the IS-OS junction, consisting
of various round hyporeflective lesions alternating with large hyperreflective areas.
Centrally, they may appear as confluent, which explains the “moth-eaten” appearance of
the macula in some cases. Hypofluorescent spots on ICGA and IS-OS disruption zones on
‘en-face” OCT are well correlated [3]. This correlation is also observed between SD-OCT B-
scans and ICGA.

During follow-up, a progressive and complete restitution of outer retinal layers is observed.
This observation is correlated with functional resolution [4]. However, focal gaps in I1S/OS
junction may persist in some cases and are associated with central visual field defects.

3. Acute posterior multifocal placoid pigment epitheliopathy (APMPPE)
(figure 2 and 3)

In this bilateral, often asymmetrical condition, that presents in healthy young adults, with both
male and female being affected equally, fundus examination reveals yellowish-white plaques
of 1 to 2 disc diameters, scattered from the fovea to the equator [5]. They may be associated
with mild vitritis. Their FA appearance in the acute stage is pathognomonic: early blockade
hypofluorescence, followed by late hyperfluorescence caused by staining. ICGA shows
multiple lesions that may be confluent, and that remain hypofluorescent during all angio-
graphic stages.

In the acute stage, SD-OCT shows:

* On B-scan: hyperreflective lesions in outer retinal layers, some extending to Henle’s fibers
layer. Irregularities in IS/OS, external limiting membrane, and inner pigment epithelium
layer are also visible around those highly reflective lesions [6]. In the acute phase, an
elevation of the IS/OS junction with subretinal fluid located between this layer and the RPE
may be observed. In severe cases, this hyporeflective space between the IS/OS and external
limiting membrane can mimic an encapsulated serous retinal detachment. Hyperreflective
intrachoroidal spots are seen on EDI mode, suggesting choroidal inflammation.

* On ‘en-face” OCT: the extent of the selesions, located in the external nuclear layer, are well
defined. These lesions perfectly match the hypofluorescent plaques seen on ICGA. In severe
cases with encapsulated serous retinal detachment, ‘en-face” OCT reveals a wide hypore-
flective lesion with hyperreflective borders. These large hyporeflective lesions may contain
tiny reflective deposits.

In the late stages, SD-OCT shows:

* On B-scans: retinal thinning with disruption of the IS/OS and inner pigment epithelium,
located where hyperreflective lesions had been observed. Irregular or focal gaps in external
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Figure 1. MEWDS.a) MEWD acute phase: color fundus photography. Unilateral (Left eye) discrete perifoveal dots
(white arrow) with light papillitis(black arrow), b) MEWDS acute phase: SD-OCT B-scan. Visualization of large 1S/0S
segment disruptions (black arrow) in the posterior pole, mostly in the foveal region, alternating with few focal, highly
hyperreflective, thickened IS/0OS zones (orange arrows). c) MEWDS acute phase: SD-OCT B-scan. Tiny hyperreflective
elevations (spicules) (yellow arrows) visible in the areas with IS/OS disruption. Note the significant choroidal thicken-
ing (blue arrow).d) MEWDS acute phase: En Face OCT. Multifocal involvement in the plane of the IS-OS junction, con-
sisting of various round or oval coalescing hyporeflective lesions (black arrows) corresponding to areas of disrupted
IS/OS junctions seen on B-scans, alternating with large hyperreflective areas (orange arrows). The « spicules » are im-
aged as very small hyperreflective spots (yellow arrows) within the hyporeflective zones of 1S/OS junction disruptions.
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Figure 2. AMPPE.(a-e). AMPPE early phase: a: AMPPE typical presentation with yellowish-white plaques of 1 to 2 disc
diameters, scattered from the fovea to the equator on color fundus photography. FA appearance in the acute phase is
pathognomonic with early blockade hypofluorescence, (figure 2b)followed by late hyperfluorescence phase (figure
2¢). ICGA shows multiple lesions that may be confluent, and that remain hypofluorescent during all angiographic
phases (early phase: figure 2d) and late phase (figure 2e). f) AMPPE early phase: SD-OCT B-scan both images. Top: Hy-
perreflective lesions in the outer retinal layers, some extending to Henle's fibers layer. Irregularities in the 1S/0S, exter-
nal limiting membrane, and inner pigment epithelium layer are seen around the hyperreflective lesions (white
arrows). Bottom: En face OCT. Left: Visualization of the hyporeflective lesions corresponding to the alterations in the
IS/0S junction (yellow arrows). Right: Hyperreflective band within the outer nuclear layer (orange arrows) surround-
ing the hyporeflective lesions (corresponding to hypofluorescent spots on ICGA).g) AMPPE late phase.Left: SD-OCT B-
scan. Areas of irregularly thickened pigment epithelium (orange arrow). Right: En face OCT. These irregularly
thickened areas of pigment epithelium are visualized as hyperreflective zones (orange arrows).Hyporeflective areas
are due to previous IS/0S junction involvement (yellow arrows).
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Figure 3. AMPPE.a) AMPPE early phase of a more severe case. Autofluorescence images: Irregular autofluorescent
areas in both eyes (white arrows). b) AMPPE early phase, left eye. Left: SD-OCT B-scan. Hyperreflective lesions (yellow
arrows) in the outer retinal layers, extending to Henle's fibers layer. Irregularities in the 1S/OS, external limiting mem-
brane, and inner pigment epithelium layers are visible around the highly reflective lesions. Subretinal fluid is observed
located between the IS/0S junction and the RPE (pink arrow) as well as hyperreflective small spots within the choroid
(blue arrows). Right: En face OCT. Round or oval coalescing moderately reflective lesions (yellow arrow head) bor-
dered by a hyporeflective band (black arrows) located inside a hyperreflective area (pink arrow head). c) AMPPE late
phase. Left: SD-OCT B-scan. Thinned IS/0S junction areas and RPE irregularities (green arrows) Right: En face OCT.
Global improvement at the I1S/0S junction plane with scarring represented by hyper- (pink arrows) and hyporeflective
areas (black arrows) d) AMPPE early phase. Left: SD-OCT B-scan. Severe alterations of the whole outer retina (pink ar-
rows) with 1S/OS segment disruption (yellow arrow) and hyperreflective spots within the choroid (blue arrow). Right:
En face OCT. Scan at the level of I1S/OS segment plane: extensive hyporeflective lesions (yellow arrow head) corre-
sponding to IS/OS segment disruption. e). AMPPE late phase. Left: SD-OCT B-scan. Quter retinal scar represented by
alternation of thinning (green arrow) and thickening (white arrow) of the IS/OS and RPE tissues. Right: En face OCT.
Global improvement at the IS/0S plane with the association of hyperreflective (white arrows) and hyporeflective areas
(black arrow) of the scarring process in the IS/OS and RPE complex.
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limiting membrane can also occur [7]. In some cases, complete resolution of outer retinal
defects may be seen. Classically, involvement of the pigment epithelium has been described
[8]. It appears in the late stage as areas of irregular, thickened pigment epithelium.

* ‘En-face’ OCT demonstrates a decrease in the highly reflective lesions that are replaced with
hyporeflective areas due to IS/OSjunction involvement. Hyperreflective dots corresponding
tofocal areas of thickened RPE canbe observed inside this hyporeflective IS/OSjunctionlayer.

4. Serpiginous choroiditis (figure 4)

This chronic, progressive, bilateral and asymmetrical condition presents equally in men and
women, from the 2™ to the 6™ decade of life [9]. Various infectious etiologies have been
suggested, among which tuberculosis must be formally ruled out [10]. Clinical and angio-
graphic examination identifies greyish-white digitations starting from the optic disc. Its active
border appears hypofluorescent on FA. ICGA is a useful tool for evaluating the response to
treatment, since lesions are more extended on ICGA than on FA.

* On SD-OCT, in the active phase, hyperreflective lesions in the outer retinal layers can be
observed, some extending to Henle’s fibers layer. In the late stage, areas of irregular,
thickened pigment epithelium are seen regarding a loss of structure in the external layers
(IS/OS, Verhoeff's membrane) [11]. Many hyperreflective dots are present inside the
choroid. Choroidal thickening is also seen on EDI.

* ‘En-face’ OCT confirms that the appearance of the network of digitations is due to outer
retinal changes [12]. Active lesions are observed at the level of the ONL as branching mildly
reflective lesions. In the late stage, hyperreflective digitations are seen at the level of the RPE
and correspond to areas of thickened RPE.

5. Punctuate inner choroiditis (PIC) and multifocal choroiditis and
panuveitis (MCP) (figure 5)

These two conditions share common characteristics: small, sharp lesions that evolve rapidly
towards pigmented scars, affecting myopic females between 20 and 40 years of age. PIC differs
from MCP by the absence of vitritis and the limitation of the lesions to the posterior fundus,
while they can extend to the equatorial fundus in MCP [13]. FA is marked by a late hyper-
fluorescence. From mid-sequence on ICGA, the lesions appear hypofluorescent, and more
numerous than on funduscopy.

* With SD-OCT, sections through a lesion show accumulation of drusenoid deposits between
the pigment epithelium and Bruch’s membrane [14]. Disruption of the IS/OS junction and
RPE may be observed on the top of these elevations.
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Figure 4. SERPIGINOUS CHOROIDITIS. a) Serpiginous choroiditis acute phase: ICGA. Hypo fluorescent digitations start-
ing from the optic disc (pink arrows). b) Serpiginous choroiditis acute phase: SD-OCT (top and down) Hyperreflective le-
sionsin the outer retinal layers, some extending to Henle's fibers layer (yellow arrows). Numerous hyperreflective dots are
present inside the choroid (green arrows). Choroidal thickening is seen on EDI (white double head arrow). ¢) Serpiginous
choroiditis acute phase: Active lesions are observed at the level of the ONL (left) and IS/OS junction layer (right) as branch-
ing mildly reflective lesions (yellow arrows). d) Serpiginous choroiditis late phase: in the late stage, hyperreflective digita-
tions are seen at the level of the RPE and correspond to areas of thickened RPE (blue arrows).
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Figure 5. CMF.a) CMF acute phase: SD-OCT B-scan. Presence of deposits between the Briich’'s membrane and RPE
looking like fusiform, hyperreflective, small, dome shape elevations of the RPE (green arrows). An interruption of the
IS/0S junction at the top of the dome shape elevation is also seen (pink arrow) b) CMF late phase: SD-OCT B-scan, Post
treatment: the RPE elevation slowly and progressively decreases after treatment (green arrow) with the disappearance
of the interruptions in the I1S/OS junction (pink arrow). ¢) CMF acute phase: En Face OCT. Multiple, small, round or oval
shaped hyperreflective lesions are seen in front of the RPE layer with a well defined hyporeflective centre and borders
(black arrows).In the fovea, the hyperreflective CNV scar (with a hyperreflective border) is fibrous but still active (white
arrow) with a hyporeflective area all around the scar corresponding to a serous retinal detachment(yellow arrow). d)
CMF late phase: En Face OCT. Progressive disappearance of the outer retinal lesions which are faintly hyporeflective
(black arrows). However, the CNV is still active (yellow arrow) e). Differentiation between CNV and choroiditis lesion.
En face OCT, before anti-VEGF treatment: the moderately hyperreflective CNV has irregular edges. It corresponds on
SD-OCT B-scan to the moderately hyperreflective pre- epithelial lesion associated with overlying retinal thickening. f).
Differentiation between CNV and choroiditis lesion. En face OCT, after anti-VEGF treatment: the borders of the CNV
become more hyperreflective and better defined.This corresponds on SD-OCT B-scan to an involuted CNV that has be-
come more hyperreflective but still active (blurred limits in the superior part).
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* In the macular area, ‘en-face’” OCT shows the presence of multiple hyperreflective lesions
above the level of the pigment epithelium. These lesions often show mild central hypore-
flectivity. Comparison of ‘en-face’” OCT with ICGA reveals that these highly reflective
lesions and hypofluorescent dots on ICGA closely match. This correlation is also observed
with SD-OCT B-scans.

During follow-up, these outer retinal lesions progressively regress on ‘en-face” OCT, which
is usually associated with functional recovery.

Both PIC and MCP are at high risk of neovascular complications.

* When neovascularization occurs, a fusiform, hyperreflective thickening above the level of
the pigment epithelium is seen on SD-OCT B-scans, and is usually associated with intrare-
tinal cystoid exudative cavities [15].

* ‘En-face’ OCT imaging of this lesion, above the level of the pigment epithelium, reveals its
irregular borders, thus distinguishing it from inflammatory lesions. ‘En-face” OCT also
allows analysis of all exudative cavities in one section, which is helpful for an improved,
comparative follow-up.

This neovascularization can regress after repeated intravitreal anti-VEGF injections, provid-
ing that inflammation is sufficiently controlled.

6. Birdshot chorioretinopathy (figure 6)

Birdshot chorioretinopathy is a slowly progressing, bilateral inflammation. It predominantly
affects women and appears between 30 and 70 (mean age: 53) years. Association with HLA
A29 is a common feature. Multiple hypopigmented choroidal lesions characterize the fun-
dus [17]. FA is more useful in detecting complications (vasculitis, macular edema) than in
analyzing the dots, for which ICGA is preferred. Indeed, they appear hypopigmented and
often more numerous than on funduscopy.

* During active and severe phases, SD-OCT may identify drusenoid deposits between the
pigment epithelium and IS/OS junction with a posterior shadow inside the choroid.
Hyperreflective intraretinal dots, located in the outer nuclear layer (ONL) and correspond-
ing to inflammatory deposits may be seen in acute phase. However, SD-OCT’s main
application for Birdshot chorioretinopathy is the screening for complications, mostly cystoid
macular edema [18] or epiretinal membrane [19]. In the late phase, cases with poor control
of inflammation (due to insufficient treatment or lack of response to appropriate therapy)
evolve towards outer retinal atrophy, with IS/OS disruptions. SD-OCT is then an efficient
tool to distinguish between these various causes of visual loss, and leads to appropriate
treatment when needed [20].

* On ‘en face’ OCT, a hyperreflective border stretching along the retinal vessels and corre-
sponding to vasculitis can be observed. Multiple hyperreflective dots can be seen inside the
ONL. In acute and severe phases, mildly reflective lesions located above the RPE layer can
be seen. The selesions match hypofluorescent lesions observed with ICGA.
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Figure 6. Birdshot chorioretinopathy. a) Birdshot chorioretinopathy, active phase: marked retinal vasculitis observed
on FA with dye leakage at the level of the vascular wall (blue arrows). b) Birdshot chorioretinopathy, active phase. IC-
GA: numerous hypofluorescent spots are visible scattered in the posterior pole and nasal to the optic nerve during all
the angiography sequences (Yellow arrow). c) Birdshot chorioretinopathy, active phase. SD-OCT B-scan: small hyperre-
flective lesions (white arrows) are seen located inside the RPE behind the 1S/0S and leading to a shadow cone (green
arrow) at the choroidal level (drusenoid like deposits). d) En face OCT: Birdshot chorioretinopathy, severe clinical
forms. Multiple hypermoderately hyperreflective spots are observed between the RPE and the IS/OS junction (blue ar-
rows). e) Birdshot chorioretinopathy, active phase. En face OCT: small multiple hyperreflective spots are visualized in
the outer nuclear layer (blue arrows). Corresponding b-scan in the bottom. f) Birdshot chorioretinopathy, active phase.
Top: FA of a patient with moderate vasculitis. Bottom: « en face » OCT improves the visualization of vasculitis by the
hyperreflective sheathing of the vascular wall (pink arrow).
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Figure 7. ARPE. a) ARPE acute phase: Yellowish halo around the fovea on color fundus photography. b and c. ARPE
acute phase, horizontal and vertical SD-OCT B-scan crossing the fovea: disruption of both the internal RPE layer and
IS/0S junction in the fovea (black arrows). Small hyperreflective foveal deposits (yellow arrow) are seen at the level of
the internal nuclear layer. A faint hyperreflective IS/OS segment thickening is visualized around the central disruption
(white arrows). d) ARPE early phase. Late phase ICGA shows mild hyperreflective halo (cockade shape) in the fovea. e).
ARPE early phase, En face OCT: scan at the IS/OS junction plane. Hyperreflective halo (cockade shape) is visualized sur-
rounding the fovea that appears hyporeflective (orange arrow). The halo corresponds to the faint hyperreflective
thickening of the IS/OS junction around the hyporeflective central zone corresponding to the central IS/0S junction
disruption (black arrow). f) ARPE early phase, En face OCT. Punctuate hyperreflective foveolar spots corresponding to
the central deposits found in the acute phase at the outer nuclear layer level (yellow arrow).g) ARPE late phase, SD-
OCT B-scan (top) and En face OCT (down): return to normality with incomplete recovery of the central I1S/OS junction
disruption.
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7. Acute retinal pigment epitheliitis (ARPE) (figure 7)

ARPE, or Krill’s disease, named after its first description by Krill in 1974 [21], is a benign, self-
limited, bilateral yet asymmetrical condition affecting adults between 10 and 40 years of age.
Funduscopy identifies a yellowish halo around the fovea, without vitritis. ICGA is crucial to
rule out a MEWDS that may have a similar presentation. It shows a typical, sharply demar-
cated, round, macular area [22].

* A subfoveal involvement with blurring of the inner pigment epithelium and IS/OS junction
is visible on SD-OCT. Small hyperreflective deposits between the IS/OS junction and outer
nuclear layer are identified in some cases. Around this disrupted foveal area, one can
frequently observe IS/OS junction thickening.

* The extent of outer retinal damage, mainly at IS/OS level, is evidenced by “en-face” OCT.
The central lesion demonstrates a cockade-like appearance with a hyporeflective center and
a hyperreflective border. This cockade appearance matches the pattern observed on ICGA.
Punctuate, highly reflective, subfoveolar lesions, resolving within days, can also be ob-
served. During follow-up, full resolution of all the abnormal findings occurs without
treatment [22].

8. Conclusion

White dots syndromes refer to several disease that evolve quickly. Retinal and choroidal
involvement follows different phases: invasive phase, intermediate phase and chronic
phase. Retinal and choroidal changes observed with multimodal imaging are transient
and may disappear quickly in some cases. All these entities probably share a common
pathway leading to external retinal involvement. ‘En face’ OCT imaging enables the as-
sessment of the extent of structural damage occurring in WDS. OCT with “en face” OCT
enhances its sensitivity, allowing earlier diagnosis of retinal changes and a more reliable
follow-up. Further prospective studies including more patients will be necessary to con-
firm these results.
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Chapter 3

Application of Optical Coherence Tomography and
Macular Holes in Ophthalmology

Robert J. Lowe and Ronald C. Gentile

Additional information is available at the end of the chapter
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1. Introduction

Optical coherence tomography (OCT) has revolutionized how we understand macular
holes. The purpose of this chapter is to describe the integration of OCT in the diagnosis,
classification, and management of macular holes.

2. Definitions of macular holes

A macular hole is a full thickness defect, or hole, in the neurosensory retina located within,
or just eccentric to the center of the fovea.

An impending macular hole, also known as a stage 1 macular hole, is considered the precur-
sor to a full thickness idiopathic macular hole. Impending macular holes have a splitting of
the inner retina with the clinical appearance of a foveolar cyst or pseudocyst. In some cases,
this inner splitting can be associated with a defect in the underlying outer retina (Lee, Kang
et al. 2011). An impending macular hole with a defect in the outer retina can have a very
thin intact inner retina referred to as the roof of the impending macular hole. These impend-
ing macular holes can progress to become full thickness macular hole once a break in the
inner retina or roof occurs.

Most macular holes, unless otherwise specified, refer to idiopathic macular holes. Idiopathic
macular holes occur from tractional forces on the foveola at the vitreoretinal interface not
associated with other causes. Other types of macular holes include those associated with
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trauma, high myopia, retinal detachments, lasers accidents, lightning strikes, diabetic retin-

opathy, and epiretinal membranes.

3. Types of macular holes

3.1. Idiopathic macular holes

Idiopathic macular holes are the most common type of macular hole. A population based
chart review of patients with macular holes reported that 92% of macular holes were idio-
pathic. Mean age in this study was 68.6 (range 47.5-89.6) years. The prevalence of idiopathic
macular holes ranges from 0.02% to 0.8%. The incidence of idiopathic macular holes was
found to be 8.5 persons per 100,000 population per year (McCannel, Ensminger et al. 2009).

3.2. Traumatic macular holes

Macular holes can be associated with ocular trauma and are often referred to as traumatic
macular holes. In the same population based study mentioned above, only 2% of all macular

holes were traumatic macular holes (McCannel, Ensminger et al. 2009).

The formation of a traumatic macular hole is believed to be related to the rapid changes
at the vitreofoveal interface that occur during the traumatic event. In a study from the
Walter Reed Army Medical Center, 3% of soldiers who sustained combat related ocular
trauma were found to have full thickness macular holes (Weichel and Colyer 2009). In
contrast to the formation of idiopathic macular holes that may occur over the course of
weeks to months, the formation of traumatic macular holes is quicker. (Johnson, McDo-
nald et al. 2001).

Other associated findings seen in traumatic macular holes, not present in idiopathic macu-
lar holes, include retinal pigment epithelium (RPE) mottling with damaged to the RPE.
Damage to the RPE appears to be directly related to the trauma. Despite the presence of
RPE damage, visual recovery is still possible (Chow, Williams et al. 1999; Johnson, McDo-
nald et al. 2001). Fortunately, the surgical closure rate (96%) and visual improvement in
traumatic macular holes is similar to that found with idiopathic macular hole closure
(Johnson, McDonald et al. 2001).

3.3. Myopic macular holes

Macular holes can be associated with high myopia and are referred to as myopic macular
holes. High myopia is most commonly defined as a refractive error equal to or greater
than -6.00 diopters of axial myopia with an axial length of greater than 26 mm (Wu and
Kung 2011).
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Highly myopic patients seem to be at higher risk for developing macular holes that have
unique features and associations. Myopic macular holes develop as the refractive error in-
creases (Kobayashi, Kobayashi et al. 2002) and can be associated with retinal detachments
and myopic schisis. The association with retinal detachment appears greatest in the presence
of a posterior staphaloma and longer axial length (greater than or equal to 30 mm).

The success rate of surgical repair of myopic macular holes is not as high as the surgical clo-
sure rate of macular holes in non-myopic eyes. Some studies have reported success rates as
low at 60% and 62.5% (Patel, Loo et al. 2001; Wu and Kung 2011) compared to the 90% suc-
cess rates seen in idiopathic macular hole repair. The lower success rate is believed to be re-
lated to a foreshortened retina within the staphaloma that can create residual tractional
forces on the retina despite surgery (Ikuno, Sayanagi et al. 2003; Wu and Kung 2011).

3.4. Macular holes following retinal detachment surgery

Rarely, macular holes can form after retinal detachment surgery. The prevalence of macular
hole formation after any type of retinal detachment surgery has been reported to be 0.9%
(Benzerroug, Genevois et al. 2008). In eyes that underwent retinal detachment surgery with
pars plana vitrectomy, the prevalence has ranged between 0.2% to 1.1% (Lee, Park et al.
2010; Fabian, Moisseiev et al. 2011). For reasons not well understood, macular holes forming
after retinal detachment surgery tend to occur more often in macula-off retinal detachments
(Benzerroug, Genevois et al. 2008). In one study, the prevalence of macular holes after reti-
nal detachment surgery is more than 3 times greater than the prevalence of macular holes
due to idiopathic causes (0.3%) (Fabian, Moisseiev et al. 2011). Fortunately, the surgical clo-
sure rate in eyes with macular holes after retinal detachment surgery is similar to the success
rate of idiopathic macular hole closure, around 90% success (Benzerroug, Genevois et al.
2008; Lee, Park et al. 2010).

4. Histopathology of idiopathic macular holes

Histopathological analysis of macular holes in the 1980s helped elucidate how macular holes
form. Idiopathic macular holes were found to be associated with an epiretinal membrane
(ERM) leading to the wrinkling of the internal limiting membrane of the inner retina. Fur-
thermore, cystoid macular edema within the inner nuclear and outer plexiform layers of the
retina, located around these idiopathic macular holes, were also discovered. An operculum
of glial cells have been found over the macular holes (Frangieh, Green et al. 1981).

From these histopathological studies, the ILM, ELM formation, and cystoid macular edema
were believed to play a role in the pathogenesis of idiopathic macular holes. Many felt that

vitreous traction may be implicated in the pathogenesis of macular holes, especially in cases
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where an operculum of glial tissue was seen on the posterior hyloid face of the vitreous
(Frangieh, Green et al. 1981). Anterior-posterior traction from a posterior vitreous detach-
ment can also convert a macular cyst to a macular hole (McDonnell, Fine et al. 1982).

At the time of these histological studies, surgical repair of macular holes was not an option.
Macular holes that have closed were due to spontaneous closure. Histopathology of sponta-
neously closed macular holes have revealed proliferation of fibroglial cells filling and bridg-
ing the macular hole (Frangieh, Green et al. 1981). This finding may be seen in surgically
closed macular holes as well.

5. Gass classification of idiopathic macular holes

Donald Gass and Robert Johnson in the late 1980s and early 1990s created a classification
system for idiopathic macular holes. They divided idiopathic macular holes into 4 stages
based on clinical findings using contact lens biomicroscopy. Remarkably, this was done be-
fore the clinical use of optical coherence tomography (OCT).

5.1. Stage 1

Stage 1 macular holes, also known as impending macular holes, are considered precursors
of full thickness macular holes. Stage 1 macular holes are divided into 2 substages, 1A and
1B (Gass 1988). Stage 1A appears as a yellow spot in the center of the fovea (Gass 1995). The
foveal yellow spot ranges between 100 to 200 pm in diameter and has flattening of the nor-
mal foveal depression (Gass 1988). Stage 1B appears as a yellow ring that measures roughly
200 to 350 pm in diameter. The yellow ring is believed to be due to the centrifugal displace-
ment of the xanthophylls and foveal retinal tissue (Gass 1995). Visual acuity in patients with
a stage 1 (impending) macular holes are usually good, but can range from 20/25 to 20/70.
Retinal angiography using fluorescein dye (fluorescein angiography, or FA) of stage 1 macu-
lar holes is usually normal or may show early hyperfluorescece without late staining or
leakage (Gass 1988).

5.2. Stage 2

Progression from stage 1 to a stage 2 can occur over weeks to months. Stage 2 macular holes
(early hole formation) are full thickness holes of less than 400 um in size. An early stage 2
macular hole can be located within, or just eccentric to the center of the fovea. When located
centrally the holes are usually round. When the holes are located eccentric, they can be oval
or crescent shaped (Gass 1995). Gass hypothesized that stage 2 macular holes start as a break
located either eccentrically at one end of the yellow ring or in 2 peripheral locations. This
break could enlarge along the ring and may lead to a release of an operculum of neuronal
tissue into the vitreous cavity. However, if the break started centrally and enlarged, an op-
erculum may not be found. Stage 2 macular holes are consistently hyperfluorescent early on



Application of Optical Coherence Tomography and Macular Holes in Ophthalmology
http://dx.doi.org/10.5772/53535

FA without late staining or leakage (Gass 1988). Vision is usually between 20/70 and 20/200
(Gass 1988).

5.3. Stage 3 and 4

Progression from a stage 2 to a stage 3 hole can occur over the course of several months with
varying degrees of vitreofoveal separation. Stage 3 macular holes are full thickness holes of
> 400 um in size without a complete posterior vitreous detachment. A stage 3 macular hole
becomes a stage 4 macular hole once a complete posterior vitreous detachment occurs with
detachment of the posterior vitreous hyaloid from the entire macula and optic disc (Gass
1995). Progression from a stage 3 to a stage 4 macular hole may take several years (Gass
1988). Vision usually deteriorates to about 20/200.

6. Introduction of optical coherence tomography

Optical coherence tomography (OCT) is considered the gold standard in diagnosing and
classifying macular holes (Dayani, Maldonado et al. 2009). OCT scans display cross section-
al, in vivo, representations of the retina. Remarkably, early histological work and Gass’ clini-
cal observations on macular holes correlate very well with what is seen on OCT. Before the
advent of OCT, physicians diagnosed and characterized macular holes based on biomicro-
scopy and used visual acuity, amsler grid, Watzke-Allen sign, and FA testing to help con-
firm the diagnosis (McDonnell, Fine et al. 1982).

The advent of OCT made diagnosing macular holes easier and can distinguish macular
holes from other macular pathology that, prior to OCT, was difficult. For example, OCT can
differentiate macular holes from lamellar holes and pseudoholes. Also, OCT is superior to
biomicoscopy in eyes with limited macular pigmentation or depigmentation. Decreased
contrast between the retina, RPE and choroid (i.e. chorioretinal atrophy) when there is less
pigmentation makes the biomicoscopic evaluation and diagnosis of macular holes difficult.
This is especially true in the setting of high myopia and a posterior staphaloma (Coppe, Ri-
pandelli et al. 2005; Wu and Kung 2011). In addition, the detection of an operculum has been
facilitated and made more reliable with OCT. Without OCT, finding an operculum in the
vitreous cavity can be difficult using biomicoscopy alone (Yuzawa, Watanabe et al. 1994).

OCTs have evolved with improvements in both resolution and acquisition times. Due to
these improvements, commercially available time-domain (TD) OCT has been replaced with
the newer spectral-domain (SD) OCT. Resolution of the OCT system, dependent on the
bandwidth of the light source used, have increased the axial resolution of the OCT images
from 10 - 20 um in the TD OCTs to 5 - 6 pm in the SD OCTs (Sano, Shimoda et al. 2009). In
addition, since SD OCTs measure the interferometric signal detected as a function of optical
frequencies, it has imaging speeds 50 times faster than TD OCT and can provide a greater
number of images per unit area. With SD OCT, 512 x 170 scans (horizontal x vertical) in a 6 x
6 mm? area can be made to ensure that all dimensions of the macular hole are not missed
(Masuyama, Yamakiri et al. 2009).
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7. Mechanism of macular hole formation

7.1. Idiopathic macular hole formation

Based on clinical observations, Gass proposed a mechanism of macular hole formation that
involved vitreous traction on the fovea. Vitreous traction would start anteriorly from the ret-
ina and was followed by a tangential traction as the vitreous cortex above the fovea contract-
ed (Gass 1988). The traction would create the stage 1A macular hole with continued traction
causing the macular hole to progress from stage 1A to stage 4.

The high resolution imaging from OCT has lead to a better understanding of the relation-
ship between the vitreous and retina during the formation of a macular hole. Using OCT the
pathophysiology of a macular hole can be divided into three phases and one pivotal event.
The first phase, or formation phase, is the initiating event. The first phase is followed by the
pivotal event that determines if the macular hole enters the second phase, or the progression
phase. The third phase, or closure phase, most often occurs surgically. In some cases, the clo-
sure phase can occur spontaneously.

Anterior —posterior contraction of the cortical vitreous from the fovea in time-lapsed OCT
morphing videos appears to be the initiating event, or phase 1, in idiopathic macular hole
formation. In phase 1 the anterior-posterior traction comes from the detachment of the pos-
terior hyloid from the fovea. The anterior-posterior traction may cause a break in the ILM
and/or ELM. If a break occurs in both the ILM and ELM, the foveal integrity can become
destabilized, and the pivotal event occurs.

After the pivotal event, fluid may enter the breaks in the ILM and ELM and cause hydration
of the neurosensory retina with cystic formation at the edges of the macular hole. This accu-
mulation of cystic fluid, or phase 2, leads to progression and enlargement of the macular
hole. This cystic hydration leads to further elevation of the edges of the macular hole off the
RPE with progressive enlargement of the macular hole. In phase 3, or closure phase, migra-
tion of glial cells over the macular hole leads to closure of the macular hole and subsequent
reabsorb the cystic and subretinal fluid by the RPE pump (Gentile, Landa et al. 2010).

7.2. Traumatic macular hole formation

It was hypothesized that formation of traumatic macular holes occur when the blunt ocu-
lar trauma causes a rapid compression of the cornea and expansion of the globe. This
force leads to expansion of the equator, flattening of the posterior pole, and subsequent
posterior expansion of the posterior pole. The tractional force on the thin fovea is thought
to lead to the formation of a macular hole (Johnson, McDonald et al. 2001). This mecha-
nism can occur without a posterior vitreous detachment. OCT of traumatic macular holes
have shown a full thickness macular hole without a posterior vitreous detachment in pa-
tients who report immediate vision loss after the trauma (Yamashita, Uemara et al. 2002).
If there is a delay in vision loss and a delay in the formation of the macular hole after
trauma, this might occur if there is persistent vitreous adhesion to the fovea after the
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trauma. The persistent vitreous adhesion, as demonstrated on OCT, can cause traction on
the fovea and lead to delayed dehiscence with later onset of vision loss. Once the persis-
tent vitreous adhesion resolves, traumatic macular holes have been shown to spontane-
ously close (Yamashita, Uemara et al. 2002).

7.3. Macular hole formation in high myopia

OCT has been utilized to helped understand how macular holes form in highly myopic eyes.
Macular hole formation in highly myopic eyes can arise from macular retinoschisis (Sun, Liu
et al. 2010). Retinoschisis is a splitting of the retinal layers and was first described in highly
myopic eyes with posterior staphalomas using OCT (Takano and Kishi 1999). It is hypothe-
sized that macular holes develop in highly myopic eyes from macular retinoschisis and
overlying vitreofoveal traction (Benhamou, Massin et al. 2002; Shimada, Ohno-Matsui et al.
2006; Sun, Liu et al. 2010). Two patterns of macular hole formation from myopic macular ret-
inoschisis have been described and are differentiated by the location of the initial lamellar
defect. Pattern 1 starts with an outer retinal lamellar defect that unroofs and leads to a full
thickness macular hole. Pattern 2 starts with an inner retinal lamellar defect with the defect
progressing posteriorly to the RPE to become a full thickness macular hole. Time to progres-
sion of pattern 1 and 2 to become a full thickness macular hole can be 11 and 9 months, re-
spectively (Sun, Liu et al. 2010).

7.4. Macular hole formation after pars plana vitrectomy

The mechanism of macular hole formation after pars plana vitrectomy is unclear. This poses
interesting challenges to the belief that the inciting mechanism of idiopathic macular hole
formation is from anterior-posterior vitreous traction. Vitreous traction is not present in
these eyes because they have already undergone vitrectomy and in most cases a posterior
vitreous detachment has already occurred.

Furthermore, macular holes seen after retinal detachment repair tend to occur in macula-off
retinal detachments. It is unclear if having subretinal fluid under the fovea plays a role in
macular hole formation in these cases (Benzerroug, Genevois et al. 2008).

Various mechanisms have been proposed to help explain how macular holes form after pars
plana vitrectomy for retinal detachment repair. These mechanisms include traction during
the surgical repair or traction from the ILM, ERM or residual vitreous cortex (Fabian, Mois-
seiev et al. 2011).

7.5. Formation of aborted macular holes

In addition to fully understanding how macular holes develop, it is also important to vis-
ualize how macular holes can abort. The mechanism of aborted macular holes depends on
the occurrence of a posterior vitreous foveal detachment during stage 1 of the macular
hole. If the posterior vitreous detaches from the fovea after formation of a stage 1 macu-
lar hole, progression to stage 2 macular hole is aborted about 50% of the time (Gass 1995).

55



56 Optical Coherence Tomography

In these cases, there may be improvement or stabilization of visual acuity to 20/30 or bet-
ter. Clinically there is also improvement in the yellow ring seen on biomicroscopy, and in
some cases resolution of the early hyperfluorescece seen on FA (Gass 1988). However, de-
spite resolution of the foveal elevation seen in stage 1, a lamellar defect of the inner reti-
nal layers can still occur. In these cases, an operculum over a lamellar defect or a vitreous
opacity overlying a normal fovea may be present in 1/3 of cases (Johnson and Gass 1988;
Gass 1995).

8. Optical coherence tomography characterization of stage 1 through 4
macular holes

8.1. Stage 1A

The use of OCT has given us an in vivo visualization of macular holes that we could never
have achieved clinically. New descriptions of findings have been characterized based on
OCT. For example, stage 1A macular holes were found to have a triangular detachment of
the foveola on OCT. The mean width of the foveolar detachment was further characterized
as 167.7 um with a range between 146 and 205 um. The triangular detachment of the foveola
was felt to be a detachment of the posterior tips of the cone outer segments (COST) (Takaha-
shi, Nagaoka et al. 2011).

The COST and its relationship to macular holes were further described using OCT. The an-
terior-posterior vitreal traction onto the fovea may extend through the Miiller cells of the
retina onto the photoreceptors to cause a localized photoreceptor detachment or COST de-
tachment (Takahashi, Nagaoka et al. 2010). The COST detachment can enlarge horizontally
and anteriorly to involve the inner segment/outer segment junction (Takahashi, Nagaoka et
al. 2011).

After complete posterior vitreous detachment, a stage 1A macular hole can abort and be-
come an aborted macular hole. The triangular detachment of the COST and yellow spot may
resolve. Also in some cases a residual defect in the outer retina, specifically the junction be-
tween the inner segments and outer segments, can be seen underneath the fovea in the
aborted macular holes (Takahashi, Nagaoka et al. 2011).

8.2. Stage 1B

Stage 1B (Figures 1 and 2) macular holes, compared to Stage 1A macular holes, were found
to involve both the inner and outer retinal layers of the fovea (Takahashi, Nagaoka et al.
2011). The roof or inner layer of the stage 1B macular hole remains intact, and the outer layer
develops a break with the RPE layer becoming devoid of photoreceptors (Takahashi, Nagao-
ka et al. 2011). A portion of the detached outer retina consisting of cone photoreceptors may
even become part of the roof of the macular hole (Takahashi, Nagaoka et al. 2010).
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Figure 1. Fundus photo of a stage 1B macular hole

“All OCT images in the book chapter were obtained using the Cirrus HD-OCT Model 4000, Carl Zeiss Meditec, Inc. or
Spectral OCT SLO, Opko/OTl, Inc.

Figure 2. OCT" of the same eye from figure 1 showing a stage 1B macular hole. There is a defect in the outer layers of
the retina.

8.3. Stage 2

OCT can show a break in the roof of a stage 2 full thickness macular hole (Figure 3). The
patient, a 69 year old woman, had a decrease in visual acuity (VA) to 20/100 (Figure 3). After
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a pars plana vitrectomy (PPV), ILM peel, gas tamponade and eventual cataract surgery, vi-
sion improved to 20/20.

Figure 3. OCT of a stage 2 macular hole with a break in the roof and cystoid hydration.

8.4. Stage 3

OCT can show a full thickness macular hole with an operculum. Figure 4, a 70 year old
woman, with a VA of Finger Count had surgical repair of the macular hole and subsequent
cataract surgery. VA improved to 20/40, 1 year after her primary surgery.

Figure 4. Full thickness stage 3 macular hole with overlying operculum. This macular hole would be classified as stage
4 if the posterior vitreous completely detached from the macula and optic nerve.

9. Surgical repair of macular holes

In 1991, Kelly and Wendel reported on the surgical management of macular holes. This in-
volved a pars plana vitrectomy, creation of a posterior vitreous detachment if one was not
already present, removal of an ERM if present, gas tamponade, and face down positioning.
Initial anatomical success rates were reported to be 58% with improvement in visual acuity
(Kelly and Wendel 1991). Success rates improved to 73% in a later report by the same group.
Opverall, greater success of anatomical closure was found in smaller macular holes with
symptoms that were less than 6 months in duration (Wendel, Patel et al. 1993).
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9.1. Internal limiting membrane peeling during surgical repair

Following Kelly and Wendel's initial report, peeling the ILM layer of the innermost portion
of the retina was published. In 1999, Park et. al. described a case series of 58 eyes who un-
derwent an ERM peel or ILM peel if an ERM was not present. A 91% anatomical success rate
was reported. They suggested that removing the ILM aided in relieving tangential traction.
This traction may come from contractile myofibroblastic cells that proliferate over the ILM
(Park, Sipperley et al. 1999).

In order to remove traction from the myofibroblastic cells over the ILM, the ILM must also
be removed during macular hole surgery. Furthermore, it is thought that contraction from
the ILM displaces photoreceptors that may lead to enlargement of the macular hole. Once
the ILM is surgically removed, the photoreceptors may be able to return towards the center
of the hole and promote macular hole closure (Sano, Shimoda et al. 2009).

In a comparison of macular hole repair with and without ILM peeling, an anatomical suc-
cess rate of 100% (116/116 eyes) with ILM peeling vs 82% success rate (36/44 eyes) without
ILM peeling was reported. However, in the cases without ILM peeling, an ERM if present
was not removed. The remaining ERM may have adversely affected the closure rate in these
patients (Brooks 2000).

In a randomized clinical control trial performed in the United Kingdom, patients with idio-
pathic stage 2 or 3 macular holes were randomized to ILM peeling vs no ILM peeling. In the
ILM peeling group, the ILM was stained with 0.15% trypan blue to aid in the visualization
of the transparent ILM. The rate of macular hole closure in the ILM peeling group vs no ILM
peeling at 1 month was 84% and 48%, respectively. The rate of macular hole reoperation in
the ILM peeling group vs no ILM peeling by 6 months was 12% and 48%, respectively. At
the conclusion of the study, the authors recommended ILM peeling in the repair of macular
holes. ILM peeling was felt to be safe and more cost effective, with a higher success rate for
macular hole closure (Lois, Burr et al. 2011).

9.2. The use of intraoperative optical coherence tomography

OCT has been used as an adjuctive tool in the operating room. It has helped shed light on
the change in the contour of macular holes before and after ILM peeling. OCT before and
after ILM peeling at the edge of the macular hole in one patient documented the relaxation
and elevation of the edge of the macular hole that was thought to aid in the surgical repair
of the macular hole. After removal of the ILM, the base diameter of the macular holes de-
creased while the height increased (Dayani, Maldonado et al. 2009). Intraoperative OCT also
demonstrated a decrease in macular hole base diameter immediately after air-fluid ex-
change. Macular hole closure was even seen intraoperatively in a stage 3 macular hole and
in a traumatic macular hole during the air-fluid exchange (Hayashi, Yagou et al. 2011).

9.3. The use of optical coherence tomography in gas filled eyes

Recently, there have been reports of imaging macular holes after repair in gas filled eyes.
This was difficult before the advent of the newer generation SD OCT. Before SD OCT, the

59



60 Optical Coherence Tomography

older TD OCTs were unable to image eyes under gas tamponade due to the excessive light
reflectivity of the gas-retinal interface and difficulty in imaging the correct area, easily
missed with TD OCT (Masuyama, Yamakiri et al. 2009).

Imaging the macular hole area is accomplished more easily using SD OCT. SD OCT can
quickly perform serial scans over the macular area. Using SD OCT, it was found that imag-
ing though gas was easier with a complete gas fill. Once the gas level decreased to a 70% fill,
the light reflex from the lower meniscus of the gas made imaging of the macular hole more
difficult. Imaging became possible again once the gas fill reached 50% (Masuyama, Yamakiri
et al. 2009).

A recent study examining how quickly macular holes can close postoperatively using OCT
found closed macular holes in 10 of 13 eyes (76.9%) on postoperative day 1 and an addition-
al 2 eyes that closed by postoperative day 2 (Masuyama, Yamakiri et al. 2009). Sano et. al.
had similar experiences with SD OCT imaging of macular holes through gas. Of the over
90% of eyes they were able to image on postoperative day 1, over 90% were found to be
closed (Sano, Inoue et al. 2011).

After the vitrectomy and ILM peeling for the surgical repair of macular holes, patients were
instructed to remain in a face down position so that the gas will be juxtaposed against the
macular hole. The use of SD OCT in the immediate postoperative period may help in limit-
ing the amount of face down positioning needed. Patients may consider stopping their face
down positioning once the macular hole appears closed on OCT, which may be as early as
postoperative day 1 (Masuyama, Yamakiri et al. 2009; Sano, Inoue et al. 2011).

9.4. Silicone oil tamponade

For some patients, face down positioning may be impossible. In such patients, silicone oil
tamponade can be a viable option. Oster et. al. demonstrated using SD OCT that there was
no difference in silicone oil tamponade with face forward or face down positioning in 75%
of the study eyes (Oster, Mojana et al. 2010).

The use of silicone oil for myopic macular hole repair without face down positioning has
been show to be successful in the closure of myopic macular holes with subsequent im-
provement of vision. Myopic macular holes were successfully closed in 22 of 24 eyes (92%)
using silicone oil after ILM peeling. These eyes had an average axial length of 29.6 + 1.8 mm
and an average of 23.3 + 14.0 months of tamponade (Nishimura, Kimura et al. 2011).

Furthermore, Jumper et. al. found similar OCT findings of early post-surgical macular hole
closure through silicone oil tamponade as compared to gas tamponade. As early as the first
postoperative day in eyes with silicone oil tamponade, flattening of the edges of the macular
hole has been shown using OCT. This flattening of the edges was accompanied by a de-
crease in both the size of the intraretinal cystic spaces and in the subretinal fluid located at
the cuff of the macular hole (Jumper, Gallemore et al. 2000).

However, Oster et. al. has demonstrated that silicone oil tamponade may have some limita-
tions when compared with gas tamonade. Supine positioning may cause the silicone oil to
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rise anteriorly and a fluid pocket to form between the macular hole and silicone oil interface.
In 7 of 10 eyes, the silicone oil bridged the macular hole while in the remaining 3 eyes, the
silicone oil filled the macular hole and was in contact with the RPE. If the silicone oil fills the
macular hole, it may prevent the complete close of the macular hole. Furthermore, silicone
oil contact with the RPE may be toxic to the subfoveal RPE. This potential damage to the
RPE does not occur with gas tamponade (Oster, Mojana et al. 2010).

10. Two OCT classifications to define macular hole closure

OCT has helps characterize macular hole closure. Two groups have described their own
classification for macular hole closures.

Kang et. al. described macular hole closure as either type 1 or type 2 as imaged on OCT.
Type 1 closure is defined as the presence of a continuous layer of retinal tissue bridging the
macular hole. Normal foveal contour is seen in type 1 macular hole closures. Type 2 closure
is defined as an interruption of retinal tissue between the edges of the macular hole. On
OCT, the edges of the macular hole were attached to the underlying RPE without subretinal
fluid. According to Kang et al. type 1 and 2 closures represent successful anatomical closure
of macular holes (Kang, Ahn et al. 2003). As expected, type 1 closure was associated with
better visual outcomes than type 2 closure. Larger macular holes (mean diameter: 674 pm)
were associated with type 2 closures, while smaller holes (mean diameter: 469 pm) were
more associated with type 1 closures (Kang, Ahn et al. 2003).

Tornambe et. al. provided a similar OCT classification system divided also into type 1 and
type 2 macular hole closures. Type 1 represented a flat and closed macular hole configura-
tion. Type 2 closure is an open macular hole with flat edges. Both types were considered
successful macular hole closure. In comparison, a failed macular hole closure was seen as an
open macular hole with the edges being elevated by the subretinal fluid underneath (Tor-
nambe, Poliner et al. 1998).

11. Cases of surgical repair of macular holes

11.1. Idiopathic macular hole

A 69 year old woman presented with an idiopathic macular hole. The macular hole was
stage 2 with a break in the overlying roof with cystoid hydration at the edges of the macular
hole (Figure 5). Visual acuity was Finger Count. The patient underwent a PPV, indocyanine
green (ICG) staining of the ILM, ILM peeling and gas tamponade. After face down position-
ing, the macular hole closed (Figure 6). After subsequent cataract surgery, 6 months after in-
itial macular hole surgical repair, vision improved to 20/60.
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Figure 5. Preoperative OCT of an eccentric stage 2 macular hole with vitreous adhesion to the roof of the macular
hole

Figure 6. Postoperative OCT of the closed macular hole one month after surgical repair. Note the residual gas bubble
obscuring view of the superior retinal blood vessels at the top photo.

11.2. Traumatic macular hole

A 31 year old man presented with a traumatic macular hole following an airbag injury (Fig-
ure 7). Vision initially was 20/100 with OCT (Figure 8) revealing a full thickness macular
hole with subretinal hemorrhage. There was an associated choroidal rupture (Figure 9). De-
spite no change in visual acuity, repeat OCT two weeks later revealed progressive cystoid
hydration at the edges of the macular hole with subretinal fluid (Figure 10). The patient un-
derwent repair of the macular hole with PPV, ILM peeling, and gas tamponade with closure
of the macular hole (Figure 11) and improvement in vision to 20/30.
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Figure 7. Fundus photo of the traumatic macular hole with associated subretinal hemorrhage and choroidal rupture

Figure 8. OCT of the traumatic macular hole and subretinal hemorrhage
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Figure 9. FA of an early and late frame showing the initial hyperflourescence of the macular hole (a) with an increase
in hyperfluoresence of the choroidal rupture (b). The area of decreased fluorescence corresponds to the subretinal
hemorrhage.



Application of Optical Coherence Tomography and Macular Holes in Ophthalmology
http://dx.doi.org/10.5772/53535

Figure 10. OCT showing enlargement of the macular hole with subretinal fluid and cystic hydration

Figure 11. OCT showing closure of the macular hole and improvement of the vision after PPV, ILM peel, and gas tam-
ponade

11.3. High myopic macular hole and retinal detachment

Retinal detachment repair from a macular hole in an eye with high myopia can be challenging.
A 68year old, highly myopic women presented with amacular hole and retinal detachment. Vi-
sion was Finger Count. Her fellow eye had myopic macular retinoschisis (Figure 12). She un-
derwent a PPV and ILM peel with silicone oil tamponade to repair her retinal detachment and
macular hole. Two weeks after retinal detachment repair, the vision improved to 20/150 (Figure
13). One month after retinal detachment repair, she subsequently underwent removal of the sil-
icone oil with additional ILM peel and gas tamponade to repair the macular hole. Two weeks
after macular hole repair, her OCT revealed a closed/flat macular hole configuration (Figure
14). Six months after macular hole repair, the visual acuity was 20/100.

Figure 12. Myopic retinoschisis in the fellow eye
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Figure 13. OCT showing an open macular hole after retinal detachment repair with membrane peel and silicone oil
tamponade. Note the high reflective layer of the edge of the silicone oil tamponade over the macular hole.

Figure 14. OCT of a flat and closed macular hole closure configuration after macular hole repair.

11.4. Macular hole formation after retinal detachment repair

A macular hole can occur after retinal detachment repair. A 60 year old patient presented
with a macula involving retinal detachment and a visual acuity of Finger Count. Three
weeks after retinal detachment repair, central vision did not improve and a macular hole
was present (Figure 15). Subsequently, the patient underwent ICG staining, ILM peeling,
and gas tamponade (Figure 16 and 17). Visual acuity improved to 20/400 six months after
macular hole closure.

Figure 15. Macular hole formed after retinal detachment repair.
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Figure 16. One month after macular hole repair: Fundus photograph showing an area of the macula devoid of ILM
after ILM peel with residual superior gas bubble

Figure 17. One month after macular hole repair: OCT showing a closed macular hole after ILM peel and gas tampo-
nade

12. Mechanism of macular hole closure

12.1. Postsurgical macular hole closure

The mechanism of macular hole closure is better understood with the aid of OCT. Masuya-
ma et. al. proposed that the formation of a bridge of tissue over the hole begins the macular
hole closure. Neural tissue bridges the macular hole after the removal of the internal limit-
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ing membrane and during the interaction of the hole with the gas tamponade. After bridge
formation, a seal is created and the subretinal and intraretinal fluid is reabsorbed to close the
macular hole (Masuyama, Yamakiri et al. 2009). This subsequent reabsorption of the cystic
edema and then subretinal fluid leads to the return of the foveal contour (Gentile, Landa et
al. 2010). Until the gliotic wound matures, this neural tissue bridge may be unstable (Ma-
suyama, Yamakiri et al. 2009) and the macular hole can reopen (Takahashi and Kishi 2000).
Wound healing may continue though the formation of a mature gliotic plug that joins the
two ends of the bridge to seal the hole. The gliotic plug that forms to close the macular hole
has also been documented on histopathology (Funata, Wendel et al. 1992).

12.2. Spontaneous macular hole closure

12.2.1. Spontaneous idiopathic macular hole closure

In an observational case series of 97 eyes, Yuzawa, et. al. reported 6% of study eyes experi-
enced a spontaneous resolution of their macular hole with improvement of their vision from
20/100 - 20/200 to 20/20 - 20/60. This occurred after an average of 25 months (range, 7 to 41
months). Better visual outcomes were seen if reattachment occurred before 24 months. Rea-
sons attributed to the disappearance of the macular hole included the contraction of an epi-
retinal membrane over the macular hole, fibroglial tissue growth, retinal pigment epithelial
hyperplasia over the hole, and reattachment of the operculum after posterior vitreous de-
tachment (Yuzawa, Watanabe et al. 1994).

A subsequent observation of spontaneous macular hole closure using OCT was reported by
Takahashi et. al. They proposed a mechanism of spontaneous macular hole closure that was
similar to surgical macular hole closure. Macular hole closure occurred spontaneously after
resolution of vitreal-foveal traction. The formation of a bridge of retinal tissue that emerged
from the edge of the macular hole extended centrally over 3 to 6 weeks and closed the hole.
After formation of the bridge, the subfoveal and intraretinal cystic fluid was absorbed by the
RPE pump by 8 months (Takahashi and Kishi 1999).

12.2.2. Spontaneous traumatic macular hole closure

OCT has also been used to formulate a possible mechanism for spontaneous traumatic macular
hole closure. Spontaneous closure of traumatic macular holes has been reported to occur be-
tween 3 to 6 months after the trauma. These cases were in young patients ranging from 11 to 19
years of age in macular holes that were less than 1/3 disc diameter in size without any cuff of
subretinal fluid. The mechanism of hole closure was thought to be proliferation of glial and RPE
cells at the edges of the hole (Yamada, Sakai et al. 2002). Another series of 18 patients with trau-
matic macular holes were followed by Yamashita et al. Eight patients (44%), age ranging from
11 to 21 years, had spontaneous closure of the macular hole. These cases also involved smaller
macular holes of less then 1/3 disc diameters in size. Holes had closed between 1 week to 4
months after the trauma with improvement in visual acuity (Yamashita, Uemara et al. 2002).
The mechanism of bridging tissue seen after surgical repair has also been documented in spon-
taneous traumatic macular hole closure (Menchini, Virgili et al. 2003).
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13. Morphological changes after macular hole closure

OCT imaging of surgically closed macular holes has been showed to aid in predicting visual
outcome. The preservation of the external limiting membrane (ELM) layer and photorecep-
tor inner and outer segment (IS/OS) junction seems to predict visual acuity and photorecep-
tor cell survival (Shimozono, Oishi et al. 2011). This is believed to be because the ELM
represents the junction between the Miiller cells and photoreceptor cells (Bottoni, De An-
gelis et al. 2011) and the IS/OS junction represents the integrity of photoreceptor alignment.
Furthermore, the outer foveal thickness measured between the ELM and inner layer of the
RPE may be a surrogate to outer segment regeneration (Shimozono, Oishi et al. 2011). An
increase in outer foveal thickness 6 months after surgery is associated with better visual out-
comes. In addition, ELM and IS/OS defects are associated with worse visual acuity after
macular hole surgical repair (Shimozono, Oishi et al. 2011).

Visual recovery after macular hole closure is thought to occur after the detached photorecep-
tors at the edges of the macular hole reattach to the RPE (Yuzawa, Watanabe et al. 1994). Over-
all, vision improves when the outer segments elongate (increase in outer foveal thickness) with
subsequent realignment of the photoreceptors (return of the IS/OS junction) as seen on OCT.
An intact ELM (viable photoreceptor cells) needs to be present before the process of visual re-
covery begins (Shimozono, Oishi et al. 2011). After macular hole closure, the ELM appears be-
fore the IS/OS layer returns. In a study by Bottoni, et. al., there were no cases seen where there
was a continuous IS/OS junction and a discontinuous ELM after macular hole closure (Bottoni,
De Angelis et al. 2011). Early disruption of the ELM during the postoperative period may be in-
dicative of a poor visual outcome (Shimozono, Oishi et al. 2011).

Despite the successful reapproximation of the photoreceptors during macular hole closure,
the status of the IS/OS layer on OCT can still vary (Sano, Shimoda et al. 2009). When com-
paring the continuity or discontinuity of the IS/OS layer, a continuous IS/OS in the fovea
was associated with better visual outcomes at 6 months. A discontinuous IS/OS layer ap-
pears to represent damaged and/or missing photoreceptor outer segments (Sano, Shimoda
et al. 2009).

14. Masquerades and differential diagnosis

OCT has helped in differentiating macular holes from clinically similar diagnoses. Making
the correct diagnosis is important and will determine the medical and surgical management
of these conditions.

Pseudoholes from an ERM and lamellar holes may be difficult to distinguish from full thick-
ness macular holes without the aid of OCT. On OCT, an overlying contracted epiretinal
membrane may show the vertical edges of a pseudohole with the neurosensory retina still
intact above the RPE. Pseudoholes from an ERM (Figure 18) are more likely to have normal
central foveal thickness with thickened perifoveal retina compared to lamellar holes that
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usually have a thinner and irregular center with normal perifoval thickness (Haouchine,
Massin et al. 2004).

Figure 18. 60 year old woman with an ERM and pseudohole and 20/50 vision.

Lamellar macular holes are not true holes. Instead, they consist of defects in the inner retina
with varying degrees of foveal thinning (Yeh, Chen et al. 2010). OCT has greatly enhanced our
ability to diagnose lamellar holes, especially in highly myopic eyes. (Tanaka, Shimada et al.
2011). Findings on OCT include a discontinuous inner retinal layer, splitting of the inner retinal
layer, and an irregular foveal contour. Lamellar macular holes are believed in some cases to be
the result of aborted macular holes. Inner retinal defects may be due to the rupture and subse-
quent loss of the roof of an inner cyst of a stage 1 macular hole (Yeh, Chen et al. 2010).

However, lamellar macular holes progressing to full thickness holes have occurred (Takaha-
shi and Kishi 2000; Tanaka, Shimada et al. 2011). These lamellar macular holes tend to have
a horizontal split between the inner and outer retina that emanate from the center (Haou-
chine, Massin et al. 2004).

In addition, OCT can quantify the extent of vitreofoveal traction and differentiate vitreomac-
ular traction syndrome from stage 1A or stage 1B macular holes. Vitreomacular traction syn-
dromes have a much broader based of vitreal-retinal adhesions compared to the focal areas
of vitreal-foveal adhesions seen in stage 1A or 1B macular holes (Comander, Gardiner et al.
2011). Furthermore, OCT has helped in differentiating the yellow spot seen on biomicrosco-
py in stage 1A macular holes from the yellow spots seen in central serous chroidopathy,
ERM, or vitelliform dystrophy (Gass 1995).

Solar retinopathy can also have an appearance similar to a small full thickness macular hole.
When solar retinopathy initially presents after solar exposure, it has the appearance of a yel-
low spot similar to what is seen in a stage 1A macular hole. Late findings in solar retinop-
athy involve a rectangular shaped outer retinal defect with straight edges that encompass an
area from the RPE to the external limiting membrane. This outer retinal defect may be diffi-
cult to distinguish from a closed macular hole with a persistent similarly shaped outer reti-
nal defect (Comander, Gardiner et al. 2011).
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15. Conclusion

Our understanding of macular holes has come a long way from the initial descriptions by
Gass to our current imaging with OCT. OCT has provided an in vivo ability to see changes
in the retina that we were not able to obtain without histopathology. Correlating clinical
findings, understanding the mechanism of macular hole formation and closure, and differ-
entiating masquerades have been made possible with the aid of OCT technology.
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1. Introduction

In optic nerve disease excluding glaucoma, mainly three ophthalmoscopic presentations of the
optic disc can be encountered: an apparently normal optic disc, an atrophic or an edematous
optic disc. Many documentation methods in optic neuropathy (ON) have been used: drawings;
color, monochromatic and angiographic photographs.

The optical coherence tomography (OCT), based on interferometry analysis, is a major
achievement particularly for documentation of quantitative changes in the optic nerve head:
it allows a measure of the retinal nerve fiber layer thickness (RNFL). This retinal layer is
composed of non myelinated axons (myelination is generally posterior to the cribriform
lamina). OCT can quantify a decrease in thickness due to the atrophy by axonal loss or increase
in thickness related to edema. This review aims to illustrate the usefulness of this RNFL
quantification in the exploration of optic nerve and anterior visual pathway diseases.

2. Materials and methods

An extensive review of the literature on applications of OCT in optic neuropathy was per-
formed. The PubMed search engine was applied to the keywords "optic neuropathy", "optical
coherence tomography" and "retinal nerve fiber layer". Studies exploring the various diseases
of the optic nerve were classified according to the OCT results obtained at the initial visit.
Glaucomatous neuropathy was excluded from this review. Characteristic diseases are

illustrated by clinical case reports.
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3. Results

The average RNFL thickness is the most common parameter encountered in all publications.
It represents the average of all measured thickness values in a predefined annular zone
adjacent to the optic disc. In some publications, the macular volume has also been evaluated.

The change over time of the average RNFL thickness could be characterized by two different
patterns:

* a normal RNFL thickness at the initial visit, followed by a gradual decrease: progressive
RNFL decrease

¢ an increased RNFL thickness at the initial visit.

4. Progressive decrease of RNFL thickness (evolution towards atrophy)

4.1. Inflammatory diseases: Multiple sclerosis (case reports 1 et 2)

Multiple sclerosis (MS) is the most common cause of optic neuropathy, therefore the evaluation
of RNFL thickness in MS was the subject of numerous publications [1,2]

At the initial stage of optic neuritis, RNFL thickness is within normal limits, after 2 months it
decreases and stabilizes between 6 and 12 months [3,4] as highlighted in case report 1.

Case report 1:

A 35 year-old man was admitted for subacute left monocular impairment. Left orbital pain
increased by ocular movements was reported. Visual acuity was 1.0 on the right eye and 0.4
in the left eye.

Figure 1. Retinal colour photography (case 1)
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Ophthalmoscopy noted normal appearance of the right optic disc and slight left optic disc
hyperhemia (figure 1). Acute optic neuritis was suspected. On the OCT, there is a slight RNFL
swelling in its nasal superior part, however the mean thickness remains within normal limits

(figure 2).
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Figure 2. OCT slight RNFL swelling in the left eye (case 1)

The left visual field was abnormal with a nasal inferior defect, the right visual field was normal

(figure 3).

Figure 3. Visual fields (case 1)

After stabilization of the affected eye following an episode of optic neuritis, average RNFL
thickness is between 59.75 and 85.00 um. In the contralateral eye, this parameter is between
82.73 and 99.80 pm (normal range: 102.90 - 111.10 pm) [5]. Thus, axonal loss is often present
in both eyes even if symptomatic optic neuritis affects one eye only.
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Case report 2

A 54-year-old woman suffered from multiple sclerosis and had already a left demyelinating
optic neuritis a few years ago. Flair-weighted axial magnetic resonance image shows periven-
tricular plaques (figure 4).

Figure 4. Brain MRl scan (case 2)

Visual acuity was 1.0 in both eyes. Left visual field displayed a small inferior central defect.

N

Figure 5. Visual field (case 2)
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On ophthalmoscopy, a left temporal disc pallor indicative of previous optic neuritis was noted
(figure 6).

Figure 6. Retinal colour photography: left optic disc pallor (case 2)

OCT could confirm the decrease of the left temporal RNFL (figure 7).
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Figure 7. OCT: temporal RNFL thinning (case 2)
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However, the importance of RNFL loss depends on the severity of MS in which optic neuritis
occurs.

In the eye affected by inaugural optic neuritis, the RNFL thickness stabilizes at 58.10 microns,
and at 101.20 microns in the contralateral eye.

If optic neuritis occurs in patients presenting with a relapsing form of MS, RNFL loss is greater
in the affected eye, stabilizing at an average thickness of 48.20 pm whereas the contralateral
eye remains unaffected, the thickness remains at a high average level of 103.70 pm.

In secondary progressive forms, characterized by a continuous evolution toward a severe
neurological disability, axonal loss is even greater in the affected eye of optic neuritis (39.50
pum on average), but also affects the contralateral eye (83.40 um on average) [6]. This RNFL
loss predominates in the temporal quadrant [3] [7], a clinical model demonstrating the
coexistence of axonal loss and demyelinating lesions in MS.

Other parameters have been evaluated with OCT in MS, especially a decrease in macular
volume which is correlated with axonal loss [8] [9]. The relationship between central and
peripheral macular thickness is an indicator of the evolution of the disease [10]. In addition,
in MS, RNFL loss is considered to be a fairly accurate indicator of overall axonal loss, both
ocular and extraocular. In the early course of the disease, there is a correlation between the
decrease in RNFL thickness and neurological disability assessed by the Expanded Disability
Status Scale (EDSS) [11] which represents the global axonal loss in MS. There is a relationship
between RNFL loss and brain atrophy [12]. Thus RNFL thickness also appears as a reliable
marker of disease severity.

Finally, some correlations between OCT parameters and morphological and functional data
have been reported.

At the initial stage of optic neuritis: when RNFL thickness is often normal, visual evoked
potentials (VEP) (and MRI when it is rapidly accessible) is more efficient to objectify the optic
nerve lesions (eliminating a pithiatism when there is a doubt). Thus, at the early stages of MS,
OCT is less sensitive than VEP for detecting clinical and subclinical optic neuropathy [13].

At distance of the initial attack of optic neuritis

* there is no correlation between RNFL thickness (a marker of axonal loss) and P100 latency
(a marker of demyelination) [14]. In optic neuritis, the increase of cup/disc ratio is inversely
proportional to the decrease in visual acuity and the decrease in RNFL thickness [15];

* there is a correlation between RNFL thickness (morphological marker of axonal loss) and
visual acuity (a loss of one line of visual acuity corresponds to an average decrease of 5,40
um in thickness) [16], pattern electroretinogram or pupillary reflex (functional markers of
axonal loss) [17, 18].

4.2. Degenerative diseases: Neuromyelitis Optica (NMO) or Devic's disease (case report 3)

In Devic's syndrome, unlike MS, optic neuropathy is severe and is associated with spinal cord
lesions without brain damage (figure 10). In OCT, the significant decrease in the thickness of
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the layer of ganglion fibers reflects an atrophy more severe and diffuse than that observed in
MS, mainly in the upper and lower quadrants [19,20]. As in MS, there is a correlation between
the retinal nerve fiber layer thickness and the overall neurological disability assessed by the
EDSS [21]. OCT can thus provide morphological arguments in the differential diagnosis of
Devic’s syndrome and MS. In a comparative study, the average thickness was 63.60 um in
Devic's syndrome, whereas it is 88.30 um in MS (102.00 um in the group of MS patients in an
eye with no history of optic neuropathy) [22]. The average RNFL loss is 15 pum in a patient
suffering from MS, whereas it is 39.00 pm in the case of Devic's syndrome [22].

Case 3

A 35-year-old woman had bilateral optic neuritis. Left visual acuity was 1.0. Despite anti-
inflammatory treatment, right visual acuity had not recovered and remained very low (0.02).

Figure 8. Retinal colour photography (case 3)

Optic atrophy is observed in the right eye, there is an optic disc pallor in the left eye (figure 8)

83
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Figure 9. OCT RNFL: loss in the right eye (case 3)
Important decrease of retinal fiber layer was found on the right OCT with an average thickness

of 65 um (figure 9).

Figure 10. Brain and Medullar MRI scan (case 3)
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Transverse myelitis was found on the MRI scan (Figure 10) as part of Devic’s disease.

4.3. Compressive disease (case 4)

Compression of visual pathways caused by a pituitary adenoma induces axonal loss respon-
sible for RNFL loss on time domain OCT. The importance of this axonal loss predicts visual
acuity changes and visual field recovery after surgery for pituitary adenoma [23]. The
postoperative recovery is significantly better if the preoperative thickness is greater than 85.00
pm [24].

Case 4

A75 year-old man complained of chronic headache. Visual acuity was 0.8 on the right eye and
0.4 in the left one.

Figure 11. Visual field: temporal asymmetric defect in both eyes (case 4)

Visual fields showed temporal defects in particular in the left field (Figure 11).

Figure 12. Brain MRl scan (case 4)
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Magnetic resonance imaging discovered a large pituitary tumor with chiasm compression
(figure 12).

Preoperative average RNFL thickness attests of significant axonal loss in the temporal area.
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Figure 13. OCT: temporal RNFL thinning (case 4)

4.4. Hereditary disease

4.4.1. Dominant Optic Atrophy (DOA) or Kjer's disease (Case 5)

In dominant optic atrophy (DOA), there is bilateral symmetric optic nerve pallor (Case 5)
related to retinal ganglion cell death. The decrease in the RNFL thickness in OCT is dominant
in the temporal part [25].

Case 5

A seven year old girl is referred for poor visual acuity (RE 20/40, LE 20/50) associated with
bilateral optic disc atrophy (Figure 14).
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Figure 14. Retinal colour photography (case 5): bilateral optic atrophy

On color vision testing there is a blue-yellow confusion axis (Figure 15).
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Figure 15. Farnsworth 15HUE (case 5): yellow blue defect

On the time domain OCT, a major bilateral RNFL loss is noted (Figure 16).
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Figure 16. OCT: RNFL loss in both eyes (case 5)

There is no compressive process on the brain MRI which only displays atrophic optic nerves
(figure 17).

Figure 17. Brain MRl scan (case 5): bilateral thinning of the optic nerves
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A dominant pattern was found upon family enquiry (Figure 18).
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Figure 18. Family enquiry (case 5)

4.4.2. Other hereditary optic neuropathies

In the authors' clinical experience, OCT is also useful in the morphological evaluation of optic
neuropathies encountered in other hereditary diseases such as recessive optic neuropathy and
Wolfram's disease. However no reports on this subject could be found.

4.5. Toxic optic neuropathy

OCT can be useful for the follow-up of visual loss in patients with toxic optic neuropathy due
to smoking, alcohol consumption or treatment for tuberculosis. In the early stages of toxic optic
neuropathy, RNFL edema may be detected in some patients before permanent visual loss
occurs. RNFL decrease consecutive to the withdrawal of the toxic agent can be monitored with
OCT.

Case 6

A 48-year-old woman complained of progressive and painless visual loss. She had alcohol and
tobacco addiction. She was deficient in B vitamins. Visual acuity was 0.3 in the right eye and
0.4 in the left eye. Color fundus photos showed pale optic discs without hemorrhage. Miliary
drusens were also observed on macular areas (Figure 19).
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Figure 19. Retinal colour photography (case 6): bilateral optic atrophy

Centrocaecal scotomas were visible in both visual fields (Figure 20)

Figure 20. Visual fields (case 6)

OCT confirmed optic nerve atrophy demonstrating a global RNFL loss.
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Figure 21. OCT RNFL: loss in both eyes (case 6)

5. Gradual RNFL reduction following initial increase of RNFL thickness

In optic disc swelling, an increase in the RNFL thickness can be quantified by OCT.
Depending on the underlying disease, the condition will either resolve with normalization or

shift to optic atrophy with axonal loss. This evolution can be monitored with OCT.

5.1. Papilledema (case 7)

Optic disc swelling due to idiopathic intracranial hypertension is referred to as papilledema
[26]. It may be responsible for the deterioration of visual function and progression to optic
atrophy. Visual field and VEP are prognostic indicators for visual outcome [27]. This is not the
case for RNFL thickness changes which only enable to monitor the progression of the disease.

Case 7

A 28-year-old woman suffered from headache and vomiting. On ophthalmologic examination,
visual acuity was 0.9 on the right eye and 1.0 on the left eye without oculomotor paralysis. This

91
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condition was due to intracranial hypertension. A bilateral papilloedema, venous engorge-
ment, white exudates and superficial retinal folds was found (Figure 22).

Figure 22. Retinal colour photography (case 7): bilateral optic nerve head swelling

Blind spots were enlarged on visual fields (figure 23).

Figure 23. Visual fields (case 7)

After spinal puncture and acetazolamide medication, she recovered normal visual acuity. OCT
follow-up enabled to monitor the improvement with treatment (Figure 24).

Figure 24. OCT RNFL follow-up (case 7)
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5.2. Anterior Ischemic Optic Neuropathy (AION)

At the initial stage of an anterior ischemic optic neuropathy, there is most often a progressive
optic disc swelling. Then, axonal loss is responsible for a gradual reduction of RNFL leading
to a variable stage of optic atrophy stabilizing at six months of onset [28].

5.3. Leber’s Hereditary Optic Neuropathy (LHON) (case 8)

Atthe acute phase, Leber’s hereditary optic neuropathy associates peripapillary telangiectasia,
tortuosity of retinal vessels and a peripapillary RNFL swelling with apparent optic disc
swelling (figure 25-27). Within a few months (generally less than six months), diffuse optic
atrophy occurs without excavation [29,30].

Case 8

An 11-year-old girl with no family history of Leber’s disease suddenly presented with severe
painless central vision loss in the right eye. Dilated capillaries in the retina adjacent to the optic
nerve head were found in both eyes. Two months after onset, visual acuity in the left eye also
decreased.

Figure 25. Retinal colour photography (case 8)

Average RNFL thickness was increased in both eyes on the initial examination and it then
slowly decreased as optic atrophy developed.
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Figure 26. Initial OCT RNFL (case 8)
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Figure 27. End stage OCT RNFL (case 8)
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5.4. Secondary intracranial hypertension

Many different diseases can be responsible for increased intracranial pressure such as infec-
tious meningitis (case 9). As in other diseases with initial optic disc swelling, OCT enables to
monitor RNFL thickness reduction after causal treatment.

Case 9

A 47-year-old man was admitted for visual field disorders with papulosquamous eruption of
the palms and soles within two weeks following a previous asymptomatic general skin
eruption. Visual acuity was 0.8 in both eyes. Bilateral optic nerve head swelling was observed
(figure 28).

Figure 28. Retinal colour photography (case 9): Optic nerve head swelling

Goldmann visual fields displayed inferior altitudinal field defects (Figure 29).

Serological tests on blood and cerebrospinal fluid confirmed a syphilitic infection. After initial
intravenous penicillin G, the patient was discharged with ceftriaxone injections (1 g/day) for
three weeks. On the OCT scans, the decrease of optic nerve head swelling was replaced with
superior optic atrophy (figure 30).

6. Limitations

Although OCT provides very useful quantitative information on RNFL thickness, there are
several limitation inherent to the device which should be highlighted.
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Figure 29. Visual fields (case 9)
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Figure 30. OCT RNFL follow-up (case 9)
6.1. Age

In the OCT database, normal values apply only to patients over 18 years. Evaluation of RNFL
thickness is based on the assumption that there are no significant changes in normals from
birth to the age of 18.

6.2. Morphological variations

RNFL thickness evaluation by OCT is not a reliable method in case of major morphologic
changes of the optic nerve head such peripapillary atrophy in high myopia, staphyloma or
optic pits.

6.3. Refractive media disorders

Ultra-red light has to pass through the transparent media of the eye to reach the retina. In case
of corneal dystrophy, cataract, vitreous opacity, there is a signal decrease and RNFL thickness
measurements become less reliable.
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7. Discussion

As in macular disease, OCT has become a precious tool that contributes to improve manage-
ment of optic nerve disease. This review illustrates the many indications in neuro-ophthal-
mology, although there are limitations to its use. OCT measures RNFL thickness to assess
axonal loss [31]. Axonal loss may be masked in cases with optic nerve head swelling due to
the inhibition of orthograde axoplasmic transport at the initial stage of the disease.

Despite the high utility of OCT in neuro-ophthalmology, exclusive RNFL thickness analysis
is not sufficient for assessing optic nerve disease. OCT results should always be interpreted in
the light of clinical ophthalmoloscopy and visual function (visual acuity, perimetry, visual
evoked potentials).
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1. Introduction

Although the introduction of drug-eluting-stents (DES) has dramatically reduced restenosis
and the need for repeat revascularization compared with bare-metal stents (BMS), percutane-
ous coronary intervention (PCI) does not always prevent cardiac events, including acute coro-
nary syndrome (ACS) [1]. Therefore, for all cardiologists, the detection of vulnerable plaques
before they rupture is one of ultimate goals to predict and prevent ACS. Vulnerable plaques are
characterized as thin fibrous cap (<65 pm), large lipid core, and macrophage infiltration within
the cap. Furthermore, plaque neovascularization has been identified recently as a common fea-
ture of plaque vulnerability. Increased neovascularization in atherosclerotic plaques plays an
important role in plaque progression, plaque instability, and rupture of plaque [2-5]. Until re-
cently, however, in vivo studies assessing neovascularization in atherosclerotic plaques have
been difficult because of the lack of sufficient resolution that reliably identifies this feature of
vulnerable plaque. The first-generation catheter-based Time-domain optical coherence tomog-
raphy (TD-OCT) system (M2 and M3 OCT system; LightLab Imaging, Westford, MA, USA),
which offers superior resolution of 10-15 pm, has emerged as an intracoronary imaging modal-
ity, rendering the detailed micro-structure information of coronary plaques [6-8]. With its ex-
cellent resolution, OCT may provide an opportunity to directly detect plaque
neovascularization in vivo. This chapter reviews the evidence of plaque neovascularization ac-
cumulated so far on OCT and discuss the future perspectives and limitations.

2. Neovascularization in atherosclerosis

Nourishment of normal blood vessels is accomplished by oxygen diffusion from the vessel
lumen or from adventitial vasa vasorum [9]. As atherosclerosis progresses, the intima thick-
ens, and oxygen diffusion is impaired. As a result, vasa vasorum proliferates in the inner
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layers of the vessel wall, and becomes major source of nutrients. Vasa vasorum neovascula-
rization in early atherosclerosis is associated with inflammatory cell infiltration and lipid
deposition, leading to plaque progression [10]. Furthermore, intraplaque hemorrhage from
microvessels contributes to expansion of the necrotic core through the accumulation of free
cholesterol from erythrocyte membranes. Several human pathologic studies have demon-
strated that plaque neovascularization is pronounced among patients with unstable coro-
nary syndromes and that its presence may be a marker of plaque instability and plaque
rupture [4, 5, 11]. Therefore, investigations of imaging methods with the ability to visualize
neovascularization would appear worthwhile.

3. Potential imaging modalities of neovascularization

Several imaging modalities such as micro-computed tomography (CT), magnetic resonance
imaging (MRI), and ultrasound have emerged as potential techniques for imaging neoves-
sels in atherosclerotic plaques. Micro-CT provides high-resolution images of coronary vasa
vasorum neovascularization and insight into their structure and function in animal models
[12, 13]. Winter et al have reported that molecular MRI with av[33-targeted, paramagnetic
nanoparticles can detect plaque neovessels in atherosclerotic rabbit model [14]. In addition,
more recently, Sirol et al have demonstrated how gadofluorine M-enhanced MRI can accu-
rately identify plaque neovascularization in an animal model of atherosclerosis with good
histological correlation [15]. Thus, even though the results from these techniques are prom-
ising, further studies are needed for clinical application in humans. Intravascular ultrasound
(IVUS) has the potential to detect flow within the plaque and subsequently evaluate func-
tional neovessels. The development of IVUS-based imaging has recently demonstrated the
preliminary data imaging neovascularization in coronary plaques in vivo after intravascular
injection of microbubbles [16,17], but further investigations will be required to show the fea-
sibility of this method for routine clinical use.

4. Plaque neovascularization by OCT

OCT has been proposed as a high-resolution imaging modality that can identify micro-struc-
tures in atherosclerotic plaques [8, 18, 19]. The superb high-resolution of OCT may offer an op-
portunity of studying the spatial distribution of plaque neovascularization in vivo (Figure 1)
[20]. In fact, it has been shown that OCT is able to visualize neovascularization of atherosclerot-
ic plaques [21-24]. In addition, Vorpahl et al demonstrated that small black holes in atheroma-
tous plaques observed by OCT were in good agreement with the pathohistological evidence of
intra-plaque neoangiogenesis formation in an autopsy case [25]. We recently assessed the rela-
tionship between intra-plaque microchannel structures identified by OCT, probably repre-
senting neovascularization, and plaque vulnerability in patients with coronary artery disease
[21]. In this study, microchannel was defined as a no-signal tubuloluminal structure that was
present on at least 3 consecutive OCT cross-sections in pull-back images. As a result, micro-
channels were seen in 38% of culprit plaques, and plaques with microchannels displayed the
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characteristics of vulnerability such as positive remodeling and thin fibrous caps compared
with plaques without these structures. Of note, the presence of increased microchannel counts
was correlated with a greater frequency of thin-capped fibroatheroma (TCFA) (Figure 2). More
recently, in larger study population (356 plaques in 117 patients), Tian et al investigated the
clinical significance of intra-plaque neovascularization in culprit lesions and no-culprit le-
sions of unstable angina pectoris (UAP) and in lesions of stable angina pectoris (SAP) using
OCT [22]. Intra-plaque neovascularization was found in 35% of UAP culprit lesions, in 34% of
UAP non-culprit lesions, and in 28% of SAP lesions, with no significant difference. Among
UAP culprit lesions, plaques with neovessel had thinner fibrous cap thickness (5620 ym vs.
75+30 um, p<0.001) and significantly higher incidence of TCFA (81% vs. 47%, p=0.002) com-
pared with those without neovessel. In addition, plaque burden was significantly bigger in
UAP culprit lesions with neovascularization (79.8+7.9% vs. 72.8+10.7%, p=0.024). In terms of
the non-culprit lesions of UAP patients and lesions of SAP patients, however, no significant
difference in plaque characteristics was observed, regardless of the presence or absence of neo-
vascularization. Interestingly, Kato et al reported that although the overall prevalence of mi-
crochannel in non-culprit lesions was not significantly different between ACS and non-ACS
patients (64.7% versus 55.2%, respectively, P=0.647), the closest distance from the lumen to mi-
crochannel was shorter in ACS subjects than in non-ACS (104.6+67.0 um versus 198.3+133.0
pm, p=0.027) [23]. The authors speculated that because neovascular networks expand from the
adventitia into the intima as disease progresses [26], plaques with neovascularization located
closer to the lumen might represent an advanced stage of atherosclerosis. Furthermore, Ue-
mura et al revealed that microchannel structure in non-culprit plaques (defined as percent di-
ameter stenosis of < 50%) identified by OCT is a predictor of subsequent plaque progression in
patients with coronary artery disease [24].

Figure 1. OCT (M2 system) images of plaque neovessels. Microvessels in the outer plague (A) near the adventitia and
(B) within the thickened intima can appear as signal-poor voids (white arrows) that are sharply delineated.
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Figure 2. Comparison of frequency of TCFA according to number of microchannels. When categorized into 3 groups
according to number of microchannels, the frequency of TCFA (21% in group with 0, 40% in group with 1, and 64% in
group with = 2; p <0.003 for all) was significantly different. Reproduced with permission from [21].

5. Neovascularization inside the implanted stent by OCT

Although neovascularization within the neointima after stent implantation has been already
reported in histopathologic studies [27, 28], Regar et al first reported in 2005 that OCT has
an ability to visualize microvessels within the neointima inside the stents in a living human
[29]. Later the presence of neovascularization in the stent restenosis was noted by Gonzalo
et al [30]. However, the role of microvessels in restenotic tissue behavior has been unknown.
More recently, Kim et al evaluated the characteristics of in-stent restenosis (ISR) lesions with
microvessels detected by OCT [31]. Microvessels were detected in 21 (27%) of 78 ISR lesions.
At the minimum lumen area site, the neointimal area (5.4 + 1.7 mm? vs. 4.2 + 2.1 mm?
p=0.024) and percent neointimal area (79+12% vs. 67+16%, p=0.001) were significantly great-
er in ISR lesions with microvessels. These results suggest that microvessels within the neoin-
tima might be associated with restenosis by the excessive neointimal growth following stent
implantation.

Furthermore, it has been shown that neointima in both BMS and DES can transform into
atherosclerotic tissue with time although it occurs earlier in DES than BMS and that neoa-
throsclerosis progression inside the implanted stents may be associated with very late coro-
nary events such as very late stent thrombosis after BMS and DES implantation [28, 32-40].
Using OCT, Takano et al examined the differences in neointima between early phase (< 6
months) and late phase (> 5 years) [35]. When compared with normal neointima proliferated
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homogeneously in the early phase, neointima inside the BMS > 5 years after implantation
was characterized by marked signal attenuation and a diffuse border, suggesting lipid-laden
intima. Its frequency was 67% and lipid-laden intima was not observed in the early phase.
TCFA-like intima was also found in 29% of the patients in the late phase. Intimal disruption
and thrombus were observed more frequently in the late phase as compared with the early
phase (38% vs. 0% and 52% vs. 5%, respectively; p < 0.05). Notably, although there was no
significant difference in terms of the incidence of peristent neovascularization (Figure 3A)
between the 2 phases (81% vs. 60%, p=0.14), intraintima neovascularization (Figure 3B) was
seen more frequently in the late phase than in the early phase (62% vs. 0%, p < 0.01) and in
segments with lipid-laden intima than those in without lipid-laden intima (79% vs. 29%,
p=0.026). Moreover, Habara et al evaluated the difference of tissue characteristics between
early (within the first year) and very late (> 5 years, without restenosis within the first years)
restenostic lesions after BMS implantation by using OCT [39]. There was a significant differ-
ence in the morphological characteristics of restenostic tissue between very late ISR (charac-
terized by heterogeneous intima) and early ISR (characterized by homogeneous intima).
Intraintima microvessels were observed only in the very late ISR group (16.3% vs. 0%,
p=0.01). Thus, expansion of neovascularization from persistent to intraintimal area with time
may contribute to atherosclerosis progression of neointima, as well as intra-plaque neovas-
cularization of nonstent segments in native coronary arteries.

Figure 3. Neovascularization within neointima inside the implanted stent. (A) OCT (M2 system) image of peristent mi-
crovessels (arrows) demonstrating no-signal small vesicular and tubular structures locating around the struts. (B) OCT
(M2 system) image of intraintima microvessels (arrows) showing small black holes locating near the vessel lumen with-
in the neotintimal tissue.
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6. Future perspectives (neovascularization as a therapeutic target for
plaque stabilization)

For all cardiologists, stabilizing vulnerable plaques remains a major concern. Previous clini-
cal trials have demonstrated that lipid-lowering therapy by statins stabilizes vulnerable pla-
ques, thereby preventing cardiac events. Experimental studies have also shown that anti-
atherosclerotic therapies can reduce plaque neovascularization [41-43] and that the
inhibition of plaque neovascularization reduces progression of advanced atherosclerosis [41,
42]. Therefore, monitoring treatment effects of anti-atherosclerotic drugs using reliable sur-
rogate markers may be useful to appropriately manage the patients. The thickness of fibrous
cap in coronary plaque is a major determinant of plaque destabilization [44]. We recently re-
ported that statins increased the fibrous cap thickness of plaques as assessed by OCT, indi-
cating plaque stabilization [45, 46]. More recently, Tian et al investigated whether there was
a difference in the effects of statin therapy between lesions with and without neovasculari-
zation [47]. As a result, despite a comparable reduction in serum cholesterol levels, the fi-
brous cap thickening was smaller in lesions with neovascularization than those without
neovascularization after 6 and 12 months of statin treatment, which suggests that a more ag-
gressive anti-atherosclerotic therapy may be required in patients with plaque with neovas-
cularization. Thus, OCT allows us to monitor the response to anti-atherosclerotic therapies
such as statins, and micro-channels in plaques identified by OCT could become a therapeu-
tic target for plaque stabilization as important as the thickness of fibrous cap (Figure 4).

]"1=||1:-'|.'-.'—IJ!'.l FCT = 170um

Figure 4. Plaque stabilization and elimination of neovascularization by statin treatment. (A) OCT (M2 system) demon-
strates lipid-rich plague covered by thin fibrous cap of 60 um (thin-capped fibroatheroma) and microvessels at the
shoulder region of the plaque (dotted circle). (B) Six months after statin treatment, the minimum fibrous cap thickness
(FCT) increased from 60 pm to 170 um and microvessels disappeared.
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Moreover, a newer-generation Frequency-domain OCT (FD-OCT; C7 system, LightLab
Imaging) has recently been developed to overcome many of the technical limitations of TD-
OCT system by imaging at much higher frame rates (100 frame/s), a larger scan diameter (10
mm) and a faster image acquisition rate (20 mm/s) without loss of image quality, and unlike
TD-OCT, this technology does not require proximal balloon occlusion [48]. The imaging
catheter of FD-OCT, which is designed for rapid exchange delivery, has a 2.7-Fr crossing
profile and can be delivered over a 0.014-inch guidewire through a 6-Fr or larger guide cath-
eter. Intracoronary injection of contrast media via the guide catheter (3 to 4 ml/s; 2-3 s) can
achieve effective clearing of blood for the FD-OCT imaging. In combination with a short,
nonocclusive flush and a faster pullback speed, the FD-OCT enables imaging of longer seg-
ments of coronary arteries without significant ischemia and motion artifact [49]. Thus, we
would be able to more precisely and easily assess not only culprit but also nonculprit lesion
morphologies in coronary artery disease by use of FD-OCT.

7. Limitations

First, because the penetration depth of OCT is relatively shallow (<2 mm), and OCT light
signals are limited behind the lipid component or red thrombus, previous OCT studies may
underestimate the presence of neovascularization. Second, neovessel size has been inconsis-
tently defined by a wide range because it is unknown whether there is a threshold for the
size of these vessels within the intima [50]. Finally, a direct comparison of OCT-derived mi-
crochannels with histology has not been done to date. Therefore, histological studies that
properly validate these structures observed with in vivo OCT imaging are mandatory in the
near future.

8. Conclusions

OCT has the potential to directly visualize neovascularization of atherosclerotic plaques in
vivo. Microchannel structure in coronary plaques identified by OCT could be a marker of
plaque vulnerability to improve patient risk stratification and a therapeutic target for plaque
stabilization.
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1. Introduction

One of the mechanisms underlying acute stroke is the disruption of atherosclerotic plaques in
major cerebral vessels, including the carotid arteries. However, visualizing precise arterial wall
changes is sometimes difficult using conventional imaging techniques such as angiography,
magnetic resonance imaging (MRI) or duplex ultrasonography. In particular, intraluminal
thrombus is difficult to detect clearly during catheter interventions such as carotid artery
stenting (CAS), even with utilization of intravascular ultrasonography (IVUS) [1,2]. When
visualization of the carotid wall changes is possible during CAS, especially before and after
angioplasty and stenting, it then becomes possible be to select appropriate devices and
methods of angioplasty and cerebral protection based on better anatomical information.

Intravascular optical coherence tomography (OCT) has recently been proposed as a high-
resolution imaging tool for plaque characterization in the coronary arteries. OCT is a non-
contact, light-based imaging method utilizing newly developed fiber-optic technology (Fig.
1). The typical OCT image has an axial resolution of 10 um, approximately 10 times higher
than that of any other clinically available diagnostic imaging modality such as IVUS with a
resolution of 80 pm [3]. Therefore, despite the need for removing blood from the field of view,
in vivo application of OCT has been reported useful in the coronary arteries [4-7]. For example,
Jang IK et al reported that intracoronary OCT identified most architectural features detected
by IVUS and provided additional detailed structural information [4]. Kawasaki M et al claimed
that OCT had the best potential for tissue characterization of coronary plaques, within the

© 2013 Yoshimura et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
I m Ec H Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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penetration depth of OCT, in a comparative study with IVUS [7]. Based on these results, we
speculated that intravascular OCT would also be useful for the other vessels. Our use of OCT
for human carotid arteries was approved by our institutional review board (No. 21-108), and
recently registered on the Internet (University Hospital Medical Information Network: UMIN
000002808).

Figure 1. Images of an optical coherence tomography (OCT) system and an imagewire. This is the first generation of
OCT analyzer (M2 OCT Imaging system, LightLab Imaging, Inc., Westford, Massachusetts, A), which was used for our
clinical studies. An imagewire is schematically demonstrated to show its scanning capabilities during the target artery
occlusion using an occlusion balloon (B).



OCT during CAS
http://dx.doi.org/10.5772/53962

2. First application of OCT for the human carotid artery

Our group first applied intravascular OCT in a patient with a large thrombus in the carotid
artery [8]. An 83-year old male admitted due to motor weakness of the left hand. Diffusion
weighted MRI showed multiple high intensity spots in the territory of the right middle cerebral
artery, and magnetic resonance angiography (MRA) revealed significant stenosis at the origin
of the right internal carotid artery (Fig. 2A). Because of an apparent change in plaque shape
on the angiogram just before CAS (Fig. 2B), further examinations such as IVUS and OCT were
performed. After IVUS examination (Fig. 2D), both the common carotid and external carotid
arteries were occluded by an occlusion balloon system prepared for CAS. Then, the stenotic
site was imaged by OCT (M2 OCT Imaging system, LightLab Imaging, Inc.,, Westford,
Massachusetts) from the distal section at Imm/sec using a built-in pull-back system with
continuous injection of saline through the guiding catheter to remove blood from the field of
view. Intraluminal thrombus was clearly demonstrated by OCT (Fig. 2C), and carotid endar-
terectomy was performed instead of stenting to avoid distal migration of the thrombus during
the revascularization procedure. The carotid artery specimen obtained by endarterectomy
showed a soft plaque with a large intraluminal thrombus, which correlated with OCT findings
performed preoperatively (Fig. 2E,F). This was the first report of a clinical application of the
OCT in the carotid artery, and the intraluminal thrombus detected by OCT was successfully
confirmed by histological analysis of the surgical specimen.

lmm

Figure 2. Anintraluminal thrombus in the carotid artery demonstrated by OCT and confirmed by pathological analysis.A:
initial magnetic resonance angiography revealed severe stenosis of the internal carotid artery (ICA) and high-intensity
plaque. B: the carotid angiogram showed ICA stenosis and enlargement of an intraluminal protrusion in the ICA. C: cross
sections by OCT demonstrated an intraluminal thrombus with shadowing in the ICA. D: cross sections by intravascular
ultrasonography showed only eccentric and low-echoic plaque in the ICA.E: macroscopic view of a surgical specimen
showing an intraluminal thrombus formed at the ruptured site of the plaque. F: pathological analysis with hematoxylin-
eosin staining confirmed soft plaque with intraplaque hemorrhage and an intraluminal red thrombus, which correlated
with OCT findings. This study was reported previously [8].
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It has been reported that neither angiography nor IVUS can reliably demonstrate the presence
of a thrombus [1]. In this patient, a thrombus in the carotid artery was clearly demonstrated
by preoperative OCT. Due to the size of thrombus the information provided by OCT which
altered therapy, possible embolism and its consequences of hemiparesis or speech disturbance
was averted.

Kume et al reported that OCT could differentiate between red and white coronary arterial
thrombi by post mortem, ex vivo experiments [9]. Meng et al reported on the feasibility of OCT
for the detection of in vivo acute thrombosis in the carotid artery using an animal model [10].
They also reported an excellent correlation between OCT images and histology regarding
thrombus length and location. OCT images of red thrombi are characterized as highly
backscattered protrusions with signal-free shadowing. A red thrombus consists mainly of red
blood cells, causing scatter and attenuation of OCT signal intensity from the inner surface of
the thrombus to the vessel wall. In our patient, the protruded mass in the ICA (Fig. 2B) was
diagnosed as a red thrombus by OCT (Fig. 2C) because of signal attenuation behind the mass,
and pathologically confirmed thereafter (Fig. 2E,F).

3. Comparison of OCT with IVUS during stenting

Next, this group applied OCT for the carotid artery during stenting as a clinical study. In this
study, we evaluated the ability of OCT to visualize structures of the carotid artery wall when
compared with IVUS. We reported typical images of this preliminary OCT application to
human carotid arteries during CAS [11]. OCT was performed on 20 plaques of 17 patients

Figure 3. Representative images of carotid plaque with fibrous cap disruption from a symptomatic patient with right
ICA stenosis prior to carotid artery stenting (CAS). A: an image from OCT shows fibrous cap disruption as a discontinu-
ous fibrous cap and cavity formation (arrow). B: IVUS was not able to detect the fibrous cap disruption. The bar in both
A and B equals 2 mm. This study was reported previously [11].
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Figure 4. Tissue Protrusion. Representative images of carotid plaque protrusion in a symptomatic patient with left ICA
stenosis after carotid artery stenting (CAS). Plaque protrusion is considered to be one source for the embolic complica-
tion after CAS. Plaque protrusion from stent struts just after stent deployment was clearly demonstrated by OCT, but
was overlooked by IVUS. A: Carotid angiogram demonstrating the plaque protrusion after stent placement ( arrow). B:
OCT demonstrates tissue protrusion from spaces between stent struts (white arrows). C, D: IVUS with and without
ChromafFlo (Eagle Eye Gold, Volcano Therapeutics, Rancho Cordova, California) was unable to see plaque protrusions.
The bar in B, C, and D equals 2 mm. This study was reported previously [11].
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during CAS, under a proximal cerebral protection method. In addition to intraluminal
thrombus, fibrous cap disruption (Fig. 3) and plaque protrusion after stenting (Fig. 4) were
easily detected by OCT. There were no technical or neurological complications in this series.
OCT could best visualize the lateral side of lumen pathology (intraluminal thrombus or fibrous
cap disruption) with a high resolution of 10 um, whereas IVUS, MRI, or computed tomography
allowed assessment of the entire arterial wall, albeit with lesser resolution. OCT and IVUS thus
complement each other and may aid in discriminating plaques that are eligible for CAS.

4. Differences between symptomatic and asymptomatic plaques by OCT

Another study to evaluate the ability of OCT to visualize carotid artery plaques as compared
to that of IVUS in asymptomatic and symptomatic patients was performed ' In this study,
OCT was used for 34 plaques (17 symptomatic, 17 asymptomatic) in 30 patients during CAS
under a proximal cerebral protection method. OCT was performed before balloon angioplasty
and after stent placement. IVUS was performed after OCT. Among pre-stenting findings,
intraluminal thrombus and neovascularization were significantly more frequently detected by
OCT than by VH-IVUS (p<0.001). Ulceration also tended to be more frequently detected by
OCT than by IVUS, but the difference was not significant (Table 1). Conversely, calcification
was less frequently detected by OCT than by IVUS (p<0.001; Table 1). No difference in the
detection of the lipid rich necrotic core was seen between OCT and IVUS (Table 1).

ocT VH-IVUS p-value
Pre-stenting (n = 34)
Thrombus, n (%) 15 (44.1) 1(2.9) <0.001
Neovascularization, n (%) 13(38.2) 0(0) <0.001
Ulceration, n (%) 3(8.8) 0(0) 0.24
Calcification, n (%) 13(38.2) 34 (100)* <0.001
Lipid, n (%) 28(82.4) 30 (88.2)** 0.73
Post-stenting (n = 34)
Plaque protrusion, n (%) 6(17.6) 0(0) 0.032

*:shown as 'dense calcified', **: shown as 'fibrofatty and/or necrotic core' on VH-IVUS

Table 1. Comparison of OCT and VH-IVUS findings

OCT detected differences between symptomatic and asymptomatic carotid plaques (Table 2):
intraluminal thrombus was more frequently observed in symptomatic plaques (76.5%) than
in asymptomatic plaques (11.8%; p<0.001); and, neovascularization was also more often
observed in symptomatic plaques (58.8%) than in asymptomatic plaques (17.6%; p=0.03). In
contrast, no significant differences were seen in the incidence of other findings such as
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calcification, lipid-rich necrotic core, ulceration, and plaque protrusion after stent placement
between groups. Interobserver and intraobserver variability with OCT diagnosis was excellent
for thrombus, ulceration, neovascularization, and lipid pool.

Symptomatic Asymptomatic p-value
(n=17) (n=17)

Male, n (%) 14(82.4) 15(88.2) "/>0.99
Age, yr 72+10 68+ 10 0.19
Degree of stenosis, % 84+12 79«7 0.26
OCT findings
Thrombus 13(76.5) 2(11.8) <0.001
Neovascularization 10 (58.8) 3(17.6) 0.03
Ulceration 3(17.6) 0(0) 0.23
Calcification 7(41.2) 6(35.3) "/>0.99
Lipid-rich component 16 (94.1) 12(70.6) 0.17
Plaque protrusion 4 (23.5) 2(11.8) 0.66

Table 2. OCT findings of symptomatic and asymptomatic lesions

5. Limitations and recent advances of the OCT system

The major limitations of OCT are interference by blood flow and the degree of tissue penetra-
tion. To obtain a bloodless field of view, a proximal protection method which uses occlusion
balloons for the common and external carotid arteries is required for the application of OCT
in the cervical carotid artery [8, 11, 12]. The scanning length of OCT was 3.25 to 3.4 mm in
normal saline. Therefore, in the carotid artery, plaque components located on the far side of
the luminal surface were sometimes not visualized by OCT due to its limited penetration
depth. Recently, a new frequency domain OCT system was developed. This new system does
not need occlusion of the target artery due to faster scanning (Table 3). Setacci et al. document
the benefits of this new OCT system utilizing a non-occlusive technique in the carotid artery
[13]. In their report, the new system not only safely eliminated the need to occlude the carotid
artery, but also acquired good quality images and informative details before and after stenting.
Notably, the new OCT catheter can visualize arteries up to 10 mm in diameter, encompassing
the entire carotid artery. Thus, this new system seems to overcome the imitations of the
previous iteration, allowing OCT to be applied safely, easily, and efficiently in the carotid
artery. Future studies are expected to investigate the relationship between carotid plaques and
stents with regard to stent design and plaque composition.
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New version (C7)

Previous version (M2)

Axial Resolution 12-15 *m 15-20 *m
Beam Width 20-40 *m 20-40 "m
Frame Rate 100 frames/s 15 frames/s
Pullback Speed 20 mm/s 2mm/s
Max. Scan Dia. 10 mm 6.8 mm
Tissue Penetration 1.0-2.0mm 1.0-2.0mm
Lines per Frame 500 200
Lateral Resolution (3mm Artery) 19 *m 39 *m

Table 3. Comparison of new and previous version of OCT

6. Conclusions

Optical coherence tomography (OCT) is a useful tool in the assessment of intraluminal
thrombus before interventional procedure. Also, its excellent resolution may detect plaque
protrusions after carotid artery stenting alerting to possible complications. Further studies
with a new system utilizing a non-occlusive technique are expected to investigate the clinical
applicability of OCT to characterize carotid plaque components and intraluminal changes

during CAS.
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1. Introduction

In an angioscopic study, Mizuno et al. demonstrated that disruption or erosion of vulnera-
ble plaques and subsequent thromboses are the most frequent cause of acute coronary syn-
drome (Mizuno et al., 1992). A pathological study by Horie et al. demonstrated that plaque
rupture into the lumen of a coronary artery may precede and cause thrombus formation
leading to acute myocardial infarction (Horie et al., 1978). The stability of atherosclerotic pla-
ques is related to the histological composition of plaques and the thickness of fibrous caps.
Therefore, recognition of the tissue characteristics of coronary plaques is important to un-
derstand and prevent acute coronary syndrome. Accurate identification of the tissue charac-
teristics of coronary plaques in vivo may allow the identification of vulnerable plaques
before the development of acute coronary syndrome.

Recently, intravascular optical coherence tomography (OCT) provides high-resolution,
cross-sectional images of tissue in situ and has an axial resolution of 10 um and a lateral res-
olution of 20 um (Tearney et al., 1997; Brezinski et al., 1996). The OCT images of human cor-
onary atherosclerotic plaques obtained in vivo provide additional, more detailed structural
information than intravascular ultrasound (IVUS) (Jang et al., 2002; Jang et al., 2005; Kume
et al. 2005). Characterizing different types of atherosclerotic plaques on the basis of sensitivi-
ty and specificity compared to histological findings to determine plaque vulnerability was
established in a previous study (Yabushita et al., 2002). According to this study, the sensitiv-
ity and specificity of the classification of the plaque components were sufficient for tissue
characterization in clinical settings.

In the 1990’s, a new technique was developed that could characterize myocardial tissues by
integrated backscatter (IB) analysis of ultrasound images. This technique is capable of pro-
viding both conventional two-dimensional echocardiographic images and IB images. Ultra-

© 2013 Masanori; licensee InTech. This is a paper distributed under the terms of the Creative Commons
I m Ec H Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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sound backscatter power is proportional to the difference of acoustic characteristic
impedance that is determined by the density of tissue multiplied by the speed of sound. In
studies of the myocardium, calibrated myocardial IB values were significantly correlated
with the relative volume of interstitial fibrosis (Picano, 1990 et al.; Naito et al., 1996). In pre-
liminary studies in vitro, IB values reflected the structural and biochemical composition of
atherosclerotic lesion and could differentiate fibrofatty, fatty and calcification of arterial
walls (Barziliai et al., 1987; Urbani et al., 1993; Picano et al., 1988). It was also reported that
anisotropy of the direction and backscatter power is related to plaque type (De Kroon et al.,
1991). Takiuchi et al. found that quantitative tissue characterization using IB ultrasound
could identify lipid pool and fibrosis in human carotid and/or femoral arteries (Takiuchi et
al., 2000). In the early 2000s, it was reported that IB values measured in vivo in human caro-
tid arteries correlated well with postmortem histological classification (Kawasaki et al.,
2001). This new non-invasive technique using IB values could characterize the two-dimen-
sional structures of arterial plaques in vivo. With this technique, plaque tissues were classi-
fied based on histopathology into 6 types, i.e. intraplaque hemorrhage, lipid pool, intimal
hyperplasia, fibrosis, dense fibrosis, and calcification. This technique was applied in the clin-
ical setting to predict cerebral ischemic lesions after carotid artery stenting. From the analy-
sis of receiver operating characteristic (ROC) curves, a relative intraplaque hemorrhage +
lipid pool area of 50% measured by IB ultrasound imaging was the most reliable cutoff val-
ue for predicting cerebral ischemic lesions evaluated by diffusion-weighted magnetic reso-
nance imaging after carotid artery stenting (Yamada et al., 2010).

In the next generation, this ultrasound IB technique was applied to coronary arteries by use
of intravascular ultrasound (IVUS) (Kawasaki et al., 2010). In the IVUS analysis, 512 vector
lines of ultrasound signal around the circumference were analyzed to calculate the IB val-
ues. The IB values for each tissue component were calculated using a fast Fourier transform,
and expressed as the average power, measured in decibels (dB), of the frequency component
of the backscattered signal from a small volume of tissue.

2. Comparison among OCT, IB-IVUS and conventional IVUS for tissue
characterization of coronary plaques

Before OCT and IVUS imaging, arteries were warmed to 37 °C in saline. Coronary arteries
were imaged with 3.2 F OCT catheters. The position of the interrogating beam on the tissue
was monitored by a visible light beam (laser diode, 635 nm) that was coincident with the
infrared beam. A total of 128 regions of interest (ROI 0.2 x 0.2 mm) on the OCT images and
classified tissue characteristics in the ROIs according to the definitions described in a previ-
ous study (Jang et al.,, 2002). All OCT diagnoses were performed by two skilled readers
blinded to the diagnoses based on IVUS and histology. For the comparison with diagnoses
based on histology, ROIs from the OCT images in which the diagnoses made by the two
OCT readers were identical were used. Conventional IVUS images and IB signals were ac-
quired using an IVUS system (Clear View, Boston Scientific, Natick, Massachusetts) and a 40
MHz intravascular catheter. Definitions of IB values for each histological category were de-
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termined by comparing the histological images as reported in a previous study (Kawasaki et
al., 2002). To clarify the rotational and cross-sectional position of the included segment, mul-
tiple surgical needles were carefully inserted into the coronary arteries before OCT and
IVUS imaging to serve as reference points to compare the imaging modalities.

The overall agreement between the OCT and the histological diagnoses was excellent (Cohen’s
k=0.92,95% CI: 0.85 - 1.00). The overall agreement between the IB-IVUS and histological diag-
noses was 0.80 (95% CI: 0.69 - 0.92). The overall agreement of between the conventional IVUS
and histological diagnoses was 0.59 (95% CI: 0.42 - 0.77) (Table 1). The overall agreement be-
tween the OCT and the IB-IVUS diagnoses was 0.77 (95% CI: 0.65 - 0.90). The overall agreement
between the OCT and conventional IVUS diagnoses was 0.62 (95% CI: 0.44 - 0.79) (Table 5).
False-positive diagnoses of IB-IVUS and conventional IVUS for lipid pool often contained his-
tological evidence of small amounts of lipid accumulation within a predominantly fibrous le-
sion. These lesions that included a clinically irrelevant amount of lipid pool were identified as
lipid pool by IB-IVUS (n = 3) and echo-lucent by conventional IVUS (n = 5), and reduced the
negative predictive values for fibrosis (84% and 74%) (Kawasaki et al., 2006).

Histology
CL FI Lr IH Total
OCT
Calcification 7 Q 0 0 7
Fibrosis 0 86 1 1 88
Lipid pool 0 2 18 0 20
Intimal hyperplasia 0 1] 0 6 6
Total 7 88 19 7 121
Cohen's i = (.92 (.85 - (.99), Weighted k= 0.92 (0.85 - 1.00)
Histology
CL FI LP IH Total
IB-IVUS
Calcification 7 1 0 0 8
Fibrosis 0 77 3 2 82
Lipid pool 0 3 16 0 19
Intimal hyperplasia 0 1 0 4 5
Total 7 82 19 [ 114
Cohen's 1 = 0.80 (0.69 - 0.92), Weighted k = 0.79 (0.66 - 0.92)
Histology
CL Fl LI 1H Total
Conventional TVUS
Calcification 7 1 0 0 8
Fibrosis 0 74 5 6 85
Lipid pool 0 5 10 0 15
Intimal hyperplasia 0 [1] 0 0 0
Total 7 a0 15 6 108

Cohen’sk=0.59 (0.42 - 0.77), Weighted k = 0.54 (0.35 - 0.72)

CL: calcification, Fl: fibrosis, LP: lipid pool, IH: intimal hyperplasia

Table 1. Comparison between imaging diagnosis and histological diagnosis
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OCT diagnoses, in which two OCT readers diagnoses were identical, were in excellent
agreement with the histological diagnoses. False negative and false positive diagnoses for
lipid-rich plaque were seen comparing the OCT images and histological findings (Ya-
bushita et al., 2002). However, false negative diagnoses for lipid-rich plaque, which could
be attributed to the limited penetration depth of OCT (1.25 - 2 mm), were not seen be-
cause all ROIs were set within the penetration depth of OCT. In addition, false positive
diagnoses for lipid-rich plaque, which could be attributed to difficulty of differentiating
clinically relevant large lipid pools and insignificant lipid accumulation were not seen
because of the small ROIs (0.2 mm x 0.2 mm).

3. Comparison of the thickness of the fibrous cap measured by OCT and
IB-IVUS in vivo

During routine selective percutaneous coronary intervention in 42 consecutive patients, a to-
tal of 28 cross-sections that consisted of lipid overlaid by a fibrous cap were imaged by both
IVUS and optical coherence tomography in 24 patients with stable angina pectoris. A 0.016-
inch optical coherence tomography catheter (Imagewire, LightLab Imaging, Inc., Westford,
MA) was advanced into the coronary arteries. IB-IVUS and optical coherence tomography
(M2 OCT Imaging system, LightLab Imaging, Inc., Westford, MA) were performed in each
patient at the same site without significant stenosis as described below.

IB-IVUS images were obtained every one second using an automatic pullback device at a
rate of 0.5 mm/sec. optical coherence tomography images were obtained using an automatic
pullback system at a rate of 0.5 mm/sec. IB-IVUS images were obtained at 0.5 mm intervals,
whereas optical coherence tomography images were obtained at 0.03 mm intervals. There-
fore, the segments of coronary artery to compare between the two methods were selected
based on the IB-IVUS images. Then, these same coronary segments were identified in optical
coherence tomography using the distance from easily-definable side branches and calcifica-
tion as reference markers to ensure that IB-IVUS and optical coherence tomography were
compared at the same site. The cross-sections that did not have sufficient imaging quality to
analyze tissue characteristics were excluded from the comparison. In the IB-IVUS analysis,
images were processed by a smoothing method that averaged nine IB values in nine pixels
located in a square field of the color-coded maps to reduce uneven surfaces of tissue compo-
nents produced by signal noise.

Fibrous caps that overlaid lipid pool were divided into ROI (every 10° rotation from the
center of the vessel lumen) and the average thickness was determined. The average
thickness of fibrous cap was determined by averaging the thickness of fibrous cap every
2° within the ROIs (Figure 1). The areas where the radial axis from the center of the ves-
sel lumen crossed the tangential line of the vessel surface with an angle less than a 80°
were excluded from the comparison.
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Figure 1. Left) Representative integrated backscatter intravascular ultrasound (IB-IVUS) images processed by a
smoothing method. (Middle) Original IB-IVUS images (Right) Corresponding optical coherence tomography. *: attenu-
ation by guide wire. Bar = 1Tmm.

The thickness of fibrous cap measured by IB-IVUS was significantly correlated with that
measured by optical coherence tomography (y = 0.99x — 0.19, r = 0.74, p<0.001) (Figure 2)
(Kawasaki et al., 2010).
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Figure 2. Left: Correlation between the thickness of fibrous cap measured by integrated backscatter intravascular ul-
trasound and optical coherence tomography. Right: Bland-Altman plot.

A Bland-Altman plot showed that the mean difference between the thickness of fibrous cap
measured by IB-IVUS and optical coherence tomography (IB-IVUS - optical coherence to-
mography) was -2 + 147 um (Figure 2). The difference between the two methods appeared to
increase as the thickness of the fibrous cap increased (Figure 3).
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Figure 3. Passing-Bablok regression analysis.

Optical coherence tomography has a better potential for characterizing tissue components
located on the near side of the vessel lumen, whereas IB-IVUS has a better potential for char-
acterizing tissue components of entire plaques (Kawasaki et al., 2006).

4. Limitations

There were a few limitations of the ultrasound method. First, the angle-dependence of the
ultrasound signal makes tissue characterization unstable when lesions are not perpendicular
to the ultrasound axis. Picano et al. reported that angular scattering behavior is large in cal-
cified and fibrous tissues, whereas it is slight to nonexistent in normal and fatty plaques
(Picano et al., 1985). According to that report, although there was no crossover of IB values
between fibrous and fibrofatty within an angle span of 10°, or between fibrous and fatty
within an angle span of 14°, this angle-dependence of the ultrasound signal might be partial-
ly responsible for the variation of IB values obtained from each tissue component. There was
also a report that demonstrated the degree of angle-dependence of 30 MHz ultrasound in
detail (Courtney et al., 2002). In that report, the angle-dependence of 30 MHz ultrasound in
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the arterial intima and media was 1.11dB/10°. When the 40 MHz catheter was used, the an-
gle dependence increased in arterial tissue. This angle-dependence of the ultrasound signal
may decrease the diagnostic accuracy for differentiating tissue components.

Second, the guidewire was not used in the process of imaging because the present studies
were performed ex vivo. Imaging artifacts in vivo due to the guidewire may decrease the di-
agnostic accuracy. However, removal of the guidewire during imaging after completing the
intervention procedure and/or excluding the area behind calcification from the analysis may
be necessary in the clinical setting to eliminate this problem. Finally, detecting thrombus
from a single IVUS cross-section was not possible because we usually look at multiple IVUS
images over time for speckling, scintillation, motion and blood flow in the “microchannel”
(Mintz et al., 2001). The analysis of IB values in multiple cross-sections over time is required
for the detection of thrombus.
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1. Introduction

Non-destructive optical imaging and probing techniques have found entrance and success in
material sciences favoured by their non-invasive investigation character. X-ray computer
tomography (CT) applied in a different size scale (e.g. as micro-CT and nano-CT [1]) is well
established as a non-destructive technique in the field of material inspection. CT imaging
delivers highly contrasted images of the internal of the specimens. It includes information
about inclusions or cavities, and about the size and distribution of particles and pores within
the technical material. Furthermore, ultrasound and acousto-optic imaging may also provide
valuable insights into internal cracks and flaws, density or concentration variations, or even
features as material elasticity. Although both techniques are versatile for use in different
applications in material analysis, they also show restrictions: for biological samples in
particular, there are the hazards of X-ray radiation; the techniques obey typical resolution
limits in relation to the sample dimensions, or they require an additional coupling medium as
in ultrasonic imaging (US).

With the availability of powerful broadband near infrared wavelength (NIR) light sources
some decades ago, low-coherence interferometry (LCI) for the investigation of scattering or
semi-transparent materials has become an alternative to CT and US methods. In 1991, optical
coherence tomography (OCT) was introduced as an imaging technique by [2]. At the begin-
ning, OCT mainly gained ground in the field of medical diagnostics, in particular in ophthal-
mology, representing a novel visualization technique for different ocular diseases, followed
by numerous applications in cardiology, dentistry, dermatology, nephrology, amongst others

© 2013 Heise et al,; licensee InTech. This is a paper distributed under the terms of the Creative Commons
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[3-6]. The imaging capabilities of OCT for subcutaneous assessment of the specimen need
particular mention, and in the case of OCT being realized endoscopically [7], OCT can deliver
valuable tissue information from various internal positions and sites within the human body.

The capability and specific use of OCT for non-medical purposes as in material sciences or arts
has been recognized relatively late, arising with metrology and topographic profiling of
microelectronic circuits [8] and optical components (which rather resembles optical time
domain reflectometry (ODTR) or white light profilometry). The optical inspection of glass
fibers and ceramic parts need to be mentioned, as well as further applications in art conser-
vation (providing information about the conservation state of paintings [9] or about cracks and
defects in porcelain and jade stones [10]), in paper inspection [11], or in dynamic process
monitoring [12]. Recently, the use of OCT technique for the characterization of internal
structures in polymer and compound materials such as multilayer foils, fiber-epoxy compo-
sites, or different types of extruded plastics and foams have become a research focus in polymer
sciences [13].

Intensity-based OCT provides structural information about the probed specimen. The
conventional modality can be modified by different polarization- or phase-sensitive functional
extensions (naming e.g. polarization-sensitive OCT (PS-OCT), differential phase contrast OCT
(DPC-OCT), or Doppler OCT), where also birefringence, phase or frequency can be extracted
locally and in a depth-resolved way. Thereby additionally information about the specimen’s
functional behaviour (as optical anisotropies, elasticity, internal strain-stress distributions, or
internal flow fields) can be gained [14, 15].

Recently reported OCT trends focus on various aspects. These trends are governed by the aim:

* to speed up the image acquisition time by ultra-fast scanning setups, working in Fourier
domain and using special swept laser sources [16],

* to miniaturize the setup by using integrated optical techniques [17],

* to apply multi-modal imaging techniques and combining OCT with other imaging methods
like fluorescence microscopy and spectroscopy [18] or hyper-spectral imaging techniques
(19],

* to exploit non-linear effects in the signal like second harmonic generation or multi-photon
imaging [20, 21],

* towork under a full-field imaging regime (instead of raster scanning techniques, as s typical
for conventional OCT imaging) and in combination with microscopic elements to lead to
so-called full-field optical coherence microscopy (FF-OCM) or full field OCT (FF-OCT) [22],

* to be supplemented by sophisticated image processing [23] or data analysis on graphics
processing units (GPU) [24].

In thisbook chapter, we discuss the last two points in particular: First, full-field optical coherent
microscopy -- its physical principles, similarities and differences to comparable OCT applica-
tions, its use for material characterization and dynamical inspections, and possible contrast
modifications. Secondly, we discuss the enrichment of FF-OCM imaging by some illustrative
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examples for image processing, showing the potential given by different mathematical
algorithms in the field of object analysis.

2. FF-OCM imaging techniques

2.1. Physical principle

OCT and OCM imaging techniques are based on the principle of low-coherence interferometry.
Both methods exploit the (low) coherence properties of broadband light sources, allowing for
tuneable depth positioning of the narrow coherence gate/range within the sample. But whereas
OCT (working in time- or frequency domain) represents a raster scanning technique probing
along the beam line and sensing the reflected light point by point, FF-OCM produces inter-
ferometric images parallel to the sample surface. The entire field of view at the sample is
illuminated at once by a low-coherent light beam, and the reflected light from an extended
lateral region is received by a CCD or CMOS camera as detectors.

r——l light source |
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Figure 1. Scheme of the optical setup of the (time domain) FF-OCM realized in a Michelson/Linnik interferometer con-
figuration, (BS: beamsplitter, CO: collimator, PC: path compensation, MO: microscopic objectives, RM: reference mir-
ror, PZ: piezo translator).

In general, a FF-OCM setup is established in a Michelson/Linnik interferometric configuration
(or for special purposes in some modifications as in Mach-Zehnder configuration), as depicted
in Figure 1, with two identical optical elements assemblies (i.e. using the same micro-objectives
and dispersion compensations) for both the sample and the reference arm. Applying broad-
band light sources for illumination and guaranteeing a homogeneously illuminated area, the
incoming wave field is divided into sample and reference wave field. Both wave fields are
reflected either by the sample or the reference mirror and superposed at the detector.

Interference can only occur when the optical path length of sample and reference arm are
nearly identical with respect to the coherence length of the source. Then interferometric fringe
images can be recorded within the coherence gate whose width is determined by the (temporal)
coherence length of the source. The ratio of optical path length of sample to reference arm may
be continuously changed by altering the position of the sample mounted at an axial motorized
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translation stage. The reference mirror is placed on an oscillating piezoelectric translation stage
(PZT). The PZT is driven either by a sinusoidal or by a saw tooth periodic oscillation. By
displacing the reference mirror, a shift of the optical path length in fractions of the wavelength
is introduced in a discrete or continuous way. It allows the recording of several phase shifted
interferometric fringe images. By mathematical combination of the mutual phase-shifted
images the FF-OCM reflectivity image can be obtained by a subsequent demodulation.

2.2. Light sources and resolution aspects

The choice of light source is of crucial importance for the penetration depth and the resolution
achieved. It should be considered with respect to the planned application.

Similar to OCT, the axial resolution in FF-OCM is determined by the temporal coherence length
of the source, which is proportional to the ratio A% AA, with the wavelength A and the spectral
width AA of the applied light source. The lateral resolution is mainly characterized by the
numerical aperture (NA) of the objectives similar to conventional microscopy: high NA
objectives increase lateral resolution. But high NA may also become dominant for axial
resolution in FF-OCM [25], as the depth of field becomes very narrow for higher NA objectives.
By careful dynamic focusing coherence gate and focus position of objectives can be matched
within the investigated material.

As the penetration depth increases with the wavelength A, light sources in the NIR range with
a central wavelength of 1000 -- 1500 nm are often to be preferred to light sources at 800 nm,
particularly for imaging technical structures, where water absorption does not play any role.
However, axial resolution is reduced with increasing wavelength. Furthermore, the camera
detection system also has to be adapted to the requested wavelength range using InGaAs-
based detector types, which may cause higher financial costs.

For the light source itself, super-luminescence diodes [26], femto-second (fs) pulse laser [27],
diode laser pumped super-continuum sources [28, 29], or thermal light sources [30] have been
described in different illumination concepts, each with their advantages and drawbacks.
Thermal light sources best prevent speckle noise and are not hampered by side-lobes as in the
case of fs-laser or SLD. However, the adjustment of the setup is challenging. Halogen flash
light sources are used for stroboscopic imaging and obtain an axial resolution less than 1 um.
A sophisticatedly tuned image acquisition scheme is required therefore. Broadband fs-pulse
lasers with high repetition rates in the range of hundred MHz are another alternative for high
resolution imaging; however these lasers are expensive. The use of nano-second pulse lasers
is suggested in [31] as a valuable compromise: they achieve reasonable repetition rates while
reducing costs.

In summary, the factors of resolution, penetration and costs must be weighed against each
other when determining which light source to use in investigating technical materials or
biological samples.
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3. Demodulation
In interferometric imaging, an interference fringe pattern I(x,y) can be described as
I(x,y) = B(x, y) + A(x, y) cos(d(x, ), 1)

where A(x,y) represents the amplitude modulation, ¢(x,y) the phase modulation, and B(x,y) is
determined by any background illumination or surface characteristics.

Introducing multiple phase shifts ¢,(x,y) between the different frames, a sequence I,(x,y) of
interferometric images at a fixed depth position z may be described as

L,(x,y) = B(x,y) + A(x, y)cos(d(x, y) + Ad,)- @)

The aim of demodulation is to decode the amplitude (or phase) modulation, thereby extracting
the interference fringe envelope at each lateral position. The amplitude modulation A(x,y) is
characterized by the local reflectivity of the sample at each depth position z (similar to OCT),
and so the reflectivity map can be obtained by amplitude demodulation. It should be men-
tioned here that the phase/frequency modulation ¢(x,y) of the fringe pattern can also be
exploited. It reveals details about local deformations of structures in the sub-wavelength range
or about minimal refractive index changes in the imaged sample. However, reliable phase
information can only be extracted from regions where sufficient amplitude modulation is
guaranteed.

Different phase stepping approaches are used for data acquisition and demodulation. Gener-
ally, a set of phase-shifted interferometric fringe images (usually 4---8 frames) are recorded at
each axial position of the sample. Assuming an equidistant sampling over the mirror oscilla-
tion, the amplitude and phase map can be obtained by a complex addition of the shifted
interference fringes, taking into account the phase shifts Ag,(x,y)

N
A(x,y)= abs[ZI”(x,y)exp[iA(pn(x,y)J 3)
n=1
and
N
o(x,y) = arg[ZI”(x,y)exp[iA¢n(x,y)j. 4)
n=1

Different approaches towards the appropriate number of phase steps or towards the influence
of non-equally spaced phase shifts on the demodulation accuracy are reported in literature [32].
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For four shifted images with phase distances of /2 the demodulation equations are simplified
to simple trigonometric relations, for higher frame numbers averaging effects can be exploited
for accuracy. Nevertheless, it should be mentioned that for monitoring dynamic processes, the
ideal is to reduce the frame number to one frame (or in practise to two frames). With a dual shot
imaging setup, two m—shifted frames can be obtained in a sequential way, whereas in single shot
configurations a two channel pathway is assembled, exploiting polarization or diffraction ef-
fects, and a phase shift of w between the two spatially separated frames is introduced.

By building the difference image between the two frames the background term B(x,y) can be
reduced. This background-free difference image can now be demodulated with respect to
amplitude or phase by so-called single frame processing methods [33].

These methods are based on analytic signal theory. In particular, the 2D analytic approach [34]
and the monogenic approach [35] should be mentioned for single frame demodulation. In the
2D analytic approach amplitude and phase map can be expressed as

A=\ )+ HEf(oy) + H P fOoy) + Hi? fx,y) ©)

JH2FCoy)+ H FGoy)+ He fxy)
f(x,y)

#(x,y) = atan , (6)

where H,, H, and H; represent the partial and total Hilbert transform [36] applied to the
difference image f(x,y).

A two frame demodulation scheme is based on the monogenic signal approach [37, 38] with
amplitude and phase map expressed as

A y) =\ P00y + R F(y) +R 2 f(x,y) )

JREf@y)+ R )
fxy)

#(x,y) = atan , (8)

where R, and R, represent the two components of the Riesz transform given as

9
R x _ cos

sind
X oy Y onr?

¥
. R = =
® () and oy 2

Y 2mrd

® () ® (),

where ® (.) denotes the convolution applied on the image f(x,y), and (r, 9) the polar coordinates
of radius and angle. Furthermore, by the ratio of both Riesz components the orientation of
fringes or structures can be determined. This approach is to be preferred in case of aiming at
a more isotropic response of the demodulation scheme, as briefly illustrated in Figure 2.
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The development of these single shot methods is an on-going process, especially in the case of
exploiting the potential of FF-OCM for dynamic scenes. Alternative approaches use micro-
mirror devices [39] instead of conventional optical components, such as a Wollaston prism for
a partial beam shifting [40].

Figure 2. Comparison of demodulation schemes: (a-c) demodulated amplitude map applying (a) phase stepping, (b)
2D analytic signal approach, (c) monogenic signal approach as demodulation methods, (d) and (e) phase and fringe
orientation map applying the monogenic approach, and (f) phase map with a superimposed reliability mask (based on
the amplitude map for confidence estimation). The good match between the phase stepping approach (a) (assumed
as ground truth) and the both single frame approaches (b) and (c) can be seen.

4. FF-OCM for technical material imaging

In the last decade, OCT imaging has been established as non-destructive method for investi-
gating technical structures and processes. It partly benefited from the continuous improve-
ment and perfection of OCT technique in numerous applications in the field of medicine. This
newly gained knowledge was also transferred into the field of material research. In particular,
functional OCT extension techniques such as PS-OCT, DPC-OCT, elastography-OCT [41, 42],
or Doppler OCT have been introduced into the evaluation of technical sample structures and
related material properties and features.

In the field of FF-OCM, a similar development from medical and biological applications to
technical applications can also be observed. Typical samples, which may be probed by FF-
OCM, are found in polymer materials as multilayer or filler enriched polymer foils, where the
subsequent layers and filler particles can be visualized, (Figure 3a, b); fiber-reinforced
materials of different type of manufacturing, (Figure 3c, d), or semi-transparent minerals,
(Figure 3e, f). The quality assessment of organic coatings for a consistent material protection
should be named as a further interesting application field of FF-OCM.
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Figure 3. Examples of technical specimens investigated by FF-OCM: 3D volume rendering of a (a) multilayer foil and
(b) functional polymer foil containing metallic micro-particles, (c) and (d) inside of a fiber-reinforced polymer sample
with casted woven fibers in epoxy-resin (c) and with extruded short glass fibers in polypropylene (d) as filler materials,
(e) Halit mineral specimen (finding place: Bolivia) with (f) included defect structures. The imaging volume yields de-
pending on the sample ~ 1x1x0.2...0.4 mm?.

In the next section, we consider in detail the abilities of FE-OCM to explore fiber-reinforced
polymers or polymer materials under stress, which often have been imaged also by conven-
tional OCT. We further consider the potential of different polarization sensitive OCT and OCM

versions.

4.1. FF-OCM for characterization of fiber-reinforced polymers

Fiber reinforced polymers play an important role in the design of novel materials with specific
and tuneable properties. The characterization of the internal fiber distributions within the
matrix material can provide insights into material features or highlight potentials for improv-
ing the manufacturing process. Fiber structures differ with respect to their fiber concentration,
with respect to the different manufacturing conditions (e.g. woven or randomly aligned fibers),

or with respect to their functional role as filler components in materials.
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(e) ()

Figure 4. Comparison of the visualization characteristics between micro-CT and FF-OCM: Corresponding sites of the
SGF-PP sample probed by micro-CT (left) and by FF-OCM (right), depicted as horizontal (top), cross-sectional (middle)
and 3D view (bottom). Reprinted from [31], with permission from Elsevier, © 2012.

Often micro-CT is the method of choice for analyzing these polymer samples. In [31] polymer
sheets of polypropylene (PP) containing short glass-fiber (SGF) as fillers are investigated
applying both techniques, CT and FF-OCM, to compare and add their partly complementary
imaging abilities for the visualization of inclusions or defects. Figure 4 shows a 3D image stack
of a SGF-PP composite recorded with either technique. Note the good match between both
techniques with respect to fiber localization and detection. Furthermore, complimentary
information can be extracted through CT and OCM: the total volume of the fiber is visible in
the CT reconstruction; in FF-OCM reconstruction, the reflection signal at front- and backside
of the fibers are visible, and we can recognize various crystallization artefacts and micro-cracks

there. Due to the low X-ray absorption difference these artefacts are not visible in CT imaging.

After probing, the recorded data can be improved by image processing. Mathematical image
enhancement, for example, allows to reduce noise and illumination effects or to adjust the
contrast [43]. The application of a background correction based on a morphological filtering

for the SGF-PP sample is illustrated in Figure 5.
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(a) {b)

Figure 5. volume rendering of a SGF-PP compound: (a) original FF-OCM image stack, (b) enhanced structures after
morphological background correction and noise filtering. The imaging volume yields ~ 1x1x0.3 mm?3. Reprinted from
[31], with permission from Elsevier, © 2012.

A subsequent wavelet and shearlet based filtering and optimization approach [44] can separate
the detected and pre-processed structures (Figure 6a) into fibers and spherical artefacts or

cracks. This is done in a mathematical way, (Figure 6b and c).

—— He|
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J'ﬂ'
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Figure 6. lllustration of the object separation, based mathematically on a shearlet and wavelet approach: the com-
plete pre-processed 3D image stack (SFGF-PP sample) (a) and mathematically separated 3D stacks, containing fibers
(b) and crystallization defects (c) as components. The local orientation of fibers (d), extracted by a monogenic signal
approach, is represented in a colour encoded version. Reprinted from: [31], with permission from Elsevier, © 2012.
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Finally, we can determine the local orientation of the fibers by means of a monogenic (complex-
valued) signal approach, as can be seen in Figure 6d. For the orientation estimation, the
Monogenic] toolbox of EPFL has been used [45].

4.2. FF-OCM for monitoring strained /stressed polymers

Thepreviousfiber-compositeapplicationisrelated toastaticimagingand analysisof the polymer
sample. Now we discuss the ability of FF-OCM to monitor dynamicscenes, e.g. polymers under
load in a tensile testing. In [46] we have already reported a similar example: There, a rubber
particlefilled PP polymerunderload wasinvestigated in a tensile testing unitby spectral domain
OCT. A local polymer region showing necking and flowing behaviour versus a static region
could be distinguished after reaching the yield point. By calculating the speckle variance map
over a temporal sequence of OCT reflectivity images, the static and dynamic region could be
visually enhanced and the front of material flow could be identified (Figure 7).

Figure 7. Dynamic stretching process monitored by SD-OCT: (a)-(d) single-frame reflectivity scans (cross sectional
views) by OCT imaging showing a rubber particle filled PP polymer test bar (thickness: Tmm) under increasing tensile
load, observed at different times. (e) Simultaneously measured strain-stress curve, indicating different regions which
correspond to the sample stages (a)-(d): (a) linear elastic region, (b) non-linear elastic region and beginning of plastic
deformation leading to increased scattering, (c) permanent plastic deformation after crossing the yield point and on-
set of necking, (d) pronounced necking (necking front indicated with arrow), finally leading to fracture. (f) Statistical
evaluation (speckle variance map) of cross-sections taken between regimes (c) and (d) to visualize front of material
flow during necking, as indicated by dotted line. Reprinted from [46], with permission from OSA, ©2010.
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A similar experiment was repeated during FF-OCM measurements [47]. A tensile test unit was
included in the sample arm of the interferometric FF-OCM setup, and the focus of the imaging
was fixed at a defined depth position of interest. Again, the sample consists of a thin SGF-PP
polymer sheet. We could also verify a (horizontal) flowing behaviour of the polymer matrix
along the extending fracture in the material by the FF-OCM imaging technique as well. In
addition, the normalized variance (second moment) and skewness (third moment) maps are
computed over a temporal sequence of reflectivity images, (Figure 8). Furthermore, we also
monitored the jumping up and final breaking of fibers within the polymer.

L 200um |

Figure 8. Dynamic tensile test imaging: (a)-(c): single-frame reflectivity scans (horizontal en-face views) by FF-OCM
imaging, showing a glass fiber-reinforced polymer test sample under increasing tensile load, observed at different
times. Statistical evaluation: (d) normalized variance map, (e) and (f) skewness map at the beginning and at a later
point in time (computed over a temporal sequence of reflectivity scans). The front of material flow/fracture line is indi-
cated by the dashed line, the arrow indicates a fiber leaping up.

To visualize dynamic processes without motion artefacts, a sufficient frame rate is required
which matches the process dynamics. To guarantee high speed imaging in FF-OCM, on the
one hand a suitable demodulation approach (see Section 3) has to be applied, and on the other
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hand a fast enough detection system has to be chosen. Alternatively to the CCD camera used
in static FF-OCM imaging applications, we recently applied a scientific CMOS (sCMOS)
camera [47] for dynamic imaging. This enables us to obtain a frame rate that is sufficiently fast
compared to CCD, that still has an acceptable sensitivity (70 dB with 4 x 4 binning) and is
combined with an almost linear response over the 16-bit imaging range.

4.3. PS-FF-OCM imaging

Polarization sensitive (PS) versions of OCT allow us to obtain functional information from the
material: its optical anisotropies and birefringence properties. As in the case of polymers,
conclusions can be drawn about internal stress or strain fields in the PS probed sample: The
strain fields can be explained e.g. by stress induced during the solidification or extrusion
process. A reorientation of polymer molecular chains to a preferred linear alignment under
stretching conditions or an already inherent orientational birefringence may cause the optically
anisotropic behaviour of polymer material. The temporal evolution of such stress states caused
by dynamic processes such as loading, stretching, extrusion, crystallization, or heating can be
suitably monitored by PS-OCT.

A PS-OCT imaging can be accomplished by extending a conventional OCT setup with
additional polarization optical components (i.e. polarizer, wave plates, and polarizing beam
splitters) as illustrated schematically in Figure 9. Dual channel detection with respect to both
orthogonal polarization directions can now be performed. In addition to the intensity-based
reflectivity, further phase retardation and optical axis orientation can be determined. Using
Stokes vector formalism, also the degree of polarization uniformity (DOPU) or birefringence
(as change of retardation over depth) can be examined [48].

Conventional FF-OCM may be extended as well to a polarization sensitive FF-OCM version
(PS-FF-OCM) [49]. The extension is realized similar to the time domain PS-OCT configuration
described above. Here, either two cameras are applied using a conventional polarizing
beamsplitter, or the images are taken by a single camera with a Wollaston prism mounted at
the front. The Wollaston prism splits the two orthogonally polarized image components which
are recorded at a single CCD area detector. It should be mentioned that a very good adjustment
of the camera system or a pixel-to-pixel registration between the two image components is
necessary to reduce artefacts of slightly differing alignments.

As interesting specimens for material scientists, strained or stressed polymer samples were
inspected. In Figure 10, a polymer sheet exhibiting known external or internal defects is shown,
examined by PS-OCT during a stretching process. In the intensity-based OCT image, defects
are slightly recognizable, but the fringe pattern in the retardation image point to defects
through the deviations from the regular pattern. By applying increasing stress, the evolution
of the fringes can be observed over time. The progression of fringe frequency over imaging
depth or time correlates with the formation of internal stress and strain fields.

Through subsequent image processing and under consideration of optical material constants,
a quantitative analysis of strain based on the retardation fringe pattern can be performed [50].
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Figure 9. The optical (time domain) PS-OCT setup (Michelson configuration) containing additionally polarizing optical
elements (WP: wave plate, P: polarizer, PBS: polarizing beam splitter) for a dual channel detection (D1, D2).

(a) R N et :

Figure 10. Strained polymer sample (thickness Tmm) under increasing tensile load under PS-OCT imaging shown as
intensity cross-sections (upper images) and corresponding gray-scale encoded retardation images (bottom images):
(a) sample exhibiting a surface defect, (b) sample with internal defect (visible as slightly darker, bow-shaped feature
within marked region). Reprinted from [46], with permission from OSA, © 2010.

Another interesting example of PS imaging concerns the investigation of micro-structured
polymer materials [51], represented here by a semi-transparent polymer mould for microme-
chanical wheels, to gain insight into hidden stress states resulting from the manufacturing and
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from the subsequent curing processes. In Figure 11, the en-face reflectivity and retardation
image of the micro-component is shown, which was probed under a transversal scanning

scheme by means of PS-OCT imaging.

'\
[ -

Figure 11. Micro-structured polymer part (photoresist mould for a micromechanical wheel, thickness 1.5 mm) imaged
by PS-OCT [51]. The intensity-based reflectivity images are shown at surface (a) and backside (b), and the correspond-
ing retardation image (c). Larger areas of regions with induced strain fields are visible between the wheels; smaller
stressed regions appear between the teeth.

A similar region imaged by PS-FF-OCM is depicted in Figure 12. For the FF-OCM, an increased
scattering in the polymer part is remarkable compared to OCT, (illumination: SLD).

Figure 12. Micro-structured polymer part (section of photoresist mould) imaged by PS-FF-OCM. The intensity-based
reflectivity images at surface (a) and backside (b), and the corresponding retardation images (c) and (d). Note smaller
regions with local stress-strain fields between the teeth (d).
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As a further application for PS-OCT, we briefly mention the in-situ monitoring of crystalliza-
tion processes during the extrusion, shearing, and solidification of the polymer material [52].
The growing of polymer micro-crystallites and the evolution of different planar polymer
structures during the processes can be visualized by PS-OCT and be analyzed with respect to
the process parameters (temperature, pressure, speed). The resulting micro-crystalline
structures within the polymer matrix are monitored by (PS)-FF-OCM imaging with a higher
lateral resolution (compared to PS-OCT) as depicted in Figure 13. The different edges of the
crystallite are clearly visible in the intensity-based full-field images. Furthermore, an optical
anisotropy of the crystallites can be observed in the retardation images of the polarization
sensitive full-field version.

Other PS-OCT or PS-FF-OCM imaging applications in a technical context concern ceramics
[53], fiber-reinforced polymer compounds [54], or organic coatings [55]. However, without
doubt the main application field for PS-OCT and PS-FF-OCM is still that of numerous medical
applications. [56, 57].

=
o
-

Figure 13. Visualization of micro-crystalline structures in isotactic polypropylene grown during the extrusion and crys-
tallization process. (a) and (c) reflectivity images, (b) and (d) retardation images obtained by PS-FF-OCM. The images
are depicted as en-face image (upper row) and as cross-section (middle row). For comparison: reflectivity (e) and retar-
dation cross-sectional scans (f) of the entire polymer sample, examined by PS-OCT imaging. The arrows indicate micro-
crystallites in both cross-sectional images (PS-FF-OCM and PS-OCT). Note the different fields of view in OCT and FF-
OCM imaging.
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4.4. Contrast modification in FF-OCM imaging

Additional to the issues of obtaining suitable resolution and focus depth in microscopy
imaging, an appropriate contrast enhancement or modification is essential to emphasis special
features of the specimen. Similar to configurations in microscopy, in FF-OCM different contrast
modifications can be realized. Based on the traditional principle of Fourier plane filtering, a
Fourier filter unit is incorporated into the FF-OCM setup, preferably as a Mach-Zehnder
configuration. The Fourier filter unit comprehends a 4f configuration, depicted schematically
in Figure 14. The key element is the optical Fourier filter in the back-focal plane of the entrance
lens. Whereas in the past, the optical filter was often manufactured as a silica or glass compo-
nent, the filter can nowadays be realized by a spatial light modulator (SLM) [58].

Screen Spatial Domain Fourier Domain
X = (1.9) k = (ky.ky)
,: Electric field

ug(x) o< F~YH (k) F{ug(x)}}

Figure 14. lllustration scheme of the optical Fourier filtering principle. The 4f-configuration is depicted in the left pan-
el. It consists of the sample, entrance lens (L1), Fourier filter (FPF), exit lens (L2), and reconstructed object recorded at
the screen. Each component is positioned at a distance to the focal length f from one another. The mathematical
terms are given in the right panel: forward and inverse Fourier transform (F and F') and filter function H(k) applied to
sample wave function u,(x) results in a modified wave field d,(x).

The SLM, as a pixelated liquid crystal array, is addressable with different amplitude or phase
filter functions. The contrast can now be changed flexibly and be adapted to the sample [59].
Similar to microscopy, phase contrast, Schlieren contrast, or spiral phase contrast are emulated
to enhance partial sites of the imaged structure (Figure 15). But in contrast to microscopy
imaging, the contrast modification in FF-OCM can now be performed in a depth-resolved way
(Figure 16).

Fourier plane filters In FF-OCM are most useful for imaging stratified or layered, almost
transparent samples like varnish coatings or droplets. It should be mentioned that for highly
scattering materials, phase-based Fourier filtering may fail because no fixed phase relation can
be build up between the random scatters. Here, a novel method for focusing light through
scattering materials seems a promising approach [60, 61].

155



156 Optical Coherence Tomography

Figure 15. lllustration of flexible contrast in FF-OCM imaging on a test sample (organic varnish droplets applied to
both the front and back surface of a glass slide, mimicking a multilayered technical structure). The emulated contrast
comprehends (a) dark field contrast, (b) Schlieren contrast, (c) phase contrast, (d) isotropic spiral-phase contrast, and
(e), (f) anisotropic contrast with cone-like spiral phase filters. A pseudo-colour representation is chosen. The applied
FPFs are indicated schematically in the insets. Reprinted from [59], with permission from GIT Verlag.

Figure 16. Comparison of depth-selective contrast modification in microscopic and FF-OCM imaging, exemplified for
a varnish droplet test sample. The features are visualized in (a) and (d) by conventional microscopy, in (b), (c), (e), and
(f) by OCM imaging; the scans are taken at the upper ((b) and (e)), and lower interface ((c) and (f)) of the test sample.
First row: bright field mode; second row: phase contrast mode. Reprinted from [59], with permission from GIT Verlag.
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5. Conclusions and outlook

We have demonstrated different applications of FF-OCM in the field of material sciences, with
a particular focus on examples from polymer sciences. FF-OCM is a promising non-destructive
technique for the investigation of novel polymer materials, in particular if local distribution of
fibers and filler particles should be monitored or combined with polarization-sensitive
versions if local stress states are of interest. Furthermore, we have illustrated how adapted
image processing can further contribute to a better extraction of the information contained in
OCT and OCM images. It should be mentioned that in diverse applications, OCT and FF-OCM
measurements may supplement each other by providing partly complementary information
due to their different resolution and penetration abilities.

Although literature about OCT and FF-OCM applications in material research is in the
minority compared to applications in the medical field, we hope that newly established
dialogue between these two research areas and the increase of interest on the side of material
scientists to take up novel techniques may continue into future.
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1. Introduction

The field of non-destructive testing and evaluation (NDTE) comprises many different
techniques and approaches. Over the past few decades there have been tremendous ad-
vances in NDTE technology, allowing researchers and engineers to tackle problems in
many scientific and industrial fields. However, techniques enabling a fast, contactless,
non-invasive, and high-resolution imaging of subsurface features at a level of only a few
microns are still scarce.

One technology fulfilling all of these requirements is optical coherence tomography (OCT)
[1]. OCT is a purely optical, non-destructive, non-invasive, and contactless high resolution
imaging method, which allows the acquisition of one-, two- or three-dimensional depth re-
solved image data of sub-surface regions in situ and in real time. The outstanding depth res-
olution of OCT can be as good as or even better than one micrometer [2]. OCT is an already
well-established diagnostics technique for biomedicine and advanced life science applica-
tions. Emerging originally from the field of ophthalmology, OCT has also received a lot of
interest in other biomedical areas like e.g. dentistry [3], dermatology [4], cardiology [5], and
developmental biology [6].

The potential of OCT to become an outstanding imaging technique also outside the area of
biomedicine has been recognized already within the first years after its invention [7,8].
However, only a few groups applied the technology to material related problems, and there-
fore the interest for this field of research has increased slowly [9-12]. A comprehensive re-
view on OCT applications outside biomedicine was published by Stifter in 2007 [13].

© 2013 Nemeth et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
I m Ec H Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Since then OCT has received increasing attention as a novel tool for NDTE, with more
and more research groups being engaged in further exploring possible applications of
OCT. Recent examples include, among many others, the measurement of layer thickness
in multi-layered foils [14] or pharmaceutical tablets [15], the characterization of laser-dril-
led holes and micro-machined devices [16], organic solar cells [17], paper [18], or printed
electronics products [19], applications in food [20] and polymer sciences [21], and the
conservation of artwork [22].

This chapter will give a short overview on the technique of OCT, provide a brief overview
on the historical development of OCT for non-destructive testing, and describe some of the
most recent applications in this field.

2. Optical coherence tomography

OCT is based on the physical phenomenon of white light interferometry (WLI) and employs
special light sources with high spatial but low temporal coherence (i.e., a large bandwidth
spectrum), like e.g. superluminescent diodes, or femtosecond or supercontinuum lasers.
Such sources have coherence lengths in the range of only several microns. In an interfero-
metric detection system such a short coherence length acts like a temporal filter regarding
the arrival times of the back-scattered photons. For currently used low coherence light sour-
ces the coherence length generally lies in the region of 1-15 pm, enabling an excellent axial
(depth) resolution with OCT [2]. Due to the interferometric detection scheme OCT is well
suited to image layered and micro-structured samples. The image contrast is due to inhomo-
geneities in the refractive index of the sample material, and thus, OCT provides complemen-
tary information to other high resolution imaging techniques like ultrasound, X-ray
computed tomography (CT), and magnetic resonance imaging (MRI).

The nomenclature in OCT is analogous to the one used in ultrasound tomography. Single
depth scans and cross-sections are classified as A- and B-scans, respectively. When imaging
at a constant depth, it is possible to acquire the so-called en-face images or C-scans. The im-
age plane of C-scans is perpendicular to the one of B-scans and has the familiar orientation
of conventional microscopy images. An M-scan describes the acquisition of consecutive A-
scans at one constant lateral position. In this case one dimension in the 2D image represents
the progress in time.

2.1. Resolution

In comparison to other high resolution microscopic techniques, like e.g. confocal microsco-
py, OCT has the advantage that axial and lateral resolutions are decoupled. Therefore the
imaging optics can be located away from the sample without penalizing the axial resolution.
The axial resolution is limited by the center wavelength and the bandwidth of the optical
light source, and is generally defined as one half of the coherence length 1.:
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I A2
Az=r=K+5. (M)

Here K denotes a constant factor (0.44 for an optical source with Gaussian spectral distribu-
tion), and A, and AA describe the center wavelength and full width at half maximum
(FWHM) bandwidth of the source, respectively.

The lateral resolution is solely determined by the probe optics and can be calculated over
A
Ax=0.6151 ()

where NA is the numerical aperture of the imaging optics.

2.2. Spectral range and light sources

In OCT the sample is commonly illuminated with light in the near infrared (NIR). The
choice of the right light source is crucial since it determines on the one hand the axial resolu-
tion and on the other hand the penetration depth. Light sources used in OCT should have
very high spatial but very low temporal coherence (i.e. a large spectral bandwidth) and pro-
vide a smooth Gaussian shaped spectrum. In this way axial resolutions in the range of one
micrometer can be achieved.

The penetration depth is determined by the attenuation characteristics of the sample, which
can be described by the Beer-Lambert law

I5(A, z)=I,R,exp { - ZIOZyatt(A, z')dz'} )

where I, describes the intensity measured at the detector, I, the initial intensity, R, the reflec-
tion coefficient at depth z, and p,, the attenuation coefficient. The attenuation coefficient p1,,
is the sum of the scattering and the absorption coefficients, p., and ., respectively, which
are both functions of the wavelength A. Consequently, the penetration depth is strongly de-
pendent on the wavelength range used for the imaging process, since this determines the ab-
sorption and scattering of the light. With the right choice of the light source penetration
depths of several millimeters can be achieved.

Historically the most important application for OCT is ophthalmology. Therefore a great
part of the commercially available OCT systems are designed towards this specific appli-
cation and comprise light sources centered around 800 nm, where absorption due to wa-
ter is low. For many non-ophthalmic applications, however, it has been shown that
imaging at different center wavelengths might be advantageous [13]. Promising spectral
regions are located around 1300 nm and 1550 nm. Here scattering is reduced for many
samples and the penetration depth is drastically increased. Anyway, the technique of
OCT is applicable on a vast variety of materials, and basically for every application the
most suitable spectral range has to be determined.

165



166  Optical Coherence Tomography

The three types of light sources mostly used in OCT are superluminescence diodes, femto-
second lasers, and supercontinuum laser sources. Since superluminescence diodes are rather
cheap, provide nicely shaped Gaussian spectra, and are available at many different center
wavelengths, they are the most popular kind of light source for OCT. However, the FWHM
bandwidth of superluminescence diodes is limited to = 100 nm, which constrains the axial
resolution to several micrometers. Femtosecond laser sources offer higher bandwidths (typi-
cally up to = 200 nm) and increased optical power, but are relatively expensive. Supercontin-
uum laser sources can cover a spectrum ranging from around 400 nm to 2400 nm, allowing
for the acquisition of ultra-high resolution images.

2.3. Image acquisition and detection schemes

OCT is an interferometric approach, in which the depth-resolved information can be as-
sessed by different means. In all approaches the probing beam is focused into the object and
photons are back-scattered from different sample structures like interfaces, impurities, pores
or cells. Only single scattered photons contribute to the useful signal, and by comparing
their arrival times with a reference light beam a depth scan is obtained. Reconstruction of
depth resolved cross sections (2D images) or volumes (3D images) is performed by scanning
the probing beam laterally across the sample with the aid of galvanometer mirrors and sub-
sequent acquisition of depth scans at adjacent lateral positions.

The depth resolved OCT signal can be acquired either in the time-domain or the spectral-
domain, with the latter approach offering advantages in terms of imaging speed and sensi-
tivity, enabling video rate imaging [23] and in-line applications [14]. On the other hand, the
time-domain approach permits dynamic focusing and shows a constant sensitivity over the
whole depth range.

In time-domain OCT the length of the reference arm in the interferometer is scanned over
several millimeters while the sample is kept static. Due to the interferometric detection
scheme and the short coherence length of the used light sources, a signal is detected only if
the photons reflected from both interferometer arms have travelled the same optical dis-
tance to the photodetector. Otherwise only noise is detected. Obviously, the mechanical
movement of the reference mirror is rather time consuming and may lead to mechanical in-
stabilities and noise.

One way to speed up the image acquisition process is to use the so-called Fourier-domain OCT
approach. Here the reference mirror is fixed and the light coming from both reference and ob-
ject is detected in a spectrally resolved way. This can either be done in parallel (spectral-do-
main) by using a dispersing element and a CCD or CMOS camera, or sequentially by scanning
a narrow laser line over a broad spectral region (swept-source OCT). Whatever the approach,
in Fourier-domain OCT the depth information is encoded in a cosinusoidal modulation of the
acquired spectrum and can be accessed by applying an inverse Fourier transform. With state-
of-the-art cameras or swept laser sources A-scan rates of several hundred kHz can be achieved.

A schematic of a spectral-domain OCT system (left), and a photograph of an industrial OCT
system, as developed in the labs at RECENDT (right), are depicted in Figure 1.
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Figure 1. Left: Schematic of a spectral-domain OCT system. The dashed boxes represent portable and independent
modules. DC — directional coupler; FC — fibre coupler; BS — beamsplitter; (G)M — (galvanometer) mirror; LX - lens; DG —
diffraction grating. Right: Photograph of a spectral-domain OCT system developed at RECENDT.

3. Applications of OCT in non-destructive testing

OCT can provide both quantitative and qualitative information. The former includes e.g. the
thickness of layers, or the size and distribution of pores, fibers or cells. With the aid of state-
of-the-art image processing tools it is possible to automatically analyze sample features.
Qualitative information is obtained through the visual inspection of the acquired images.
Features like surfaces, impurities or cells can easily be detected and give rapid indications
on the condition of the sample, providing important information to scientists or technicians.

Besides sample information based on pure reflectivity, it is also possible to take advantage
of other types of contrast like birefringence for the detection of stress and strain (polariza-
tion-sensitive OCT) [12], the direction and velocity of fluids (Doppler OCT) [24], and spec-
tral characteristics (spectroscopic or differential absorption OCT) [25].

Generally, information on the sample under investigation by means of OCT can be acquired
under three different conditions: (i) with a lab based system assembled on an optical bench,
(if) with a desktop system (e.g. a commercially available device or a prototype system like in
Figure 1), or (iii) directly at a production site in an industrial environment. Therefore, for
each application the right system has to be chosen.

Lab-based systems have the most degrees of freedom, since different components like ap-
propriate light sources, scanners, and detection devices can easily be connected in order to
enable a rapid investigation of the sample. The drawback of such systems is that they are
confined to the optical bench where all devices are assembled.
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Nowadays there already exist several companies and research centers offering commercially
available OCT systems or prototypes, respectively, which aim at applications outside the
medical sector and the common optics laboratory. Generally, in such OCT devices all the
necessary components, mostly except the computer, are embedded in one single casing.
Such systems are ideal for test measurements and to analyze many kinds of samples. How-
ever, desktop systems offer little degrees of freedom, albeit several suppliers offer the possi-
bility to built custom-inspired systems.

In some cases there is the need to tailor OCT systems towards one particular application. In bio-
medical imaging (e.g. ophthalmology, dermatology) this is already common practice. In the
field of NDTE, however, there is still a quest for the “killer application”, which would trigger
the development of commercially available OCT systems tailored towards the investigation of
one particular kind of sample. Therefore, so far most of the OCT systems used for the character-
ization of processes or specimens at industrial sites are specially designed prototypes, which
hence are also still quite expensive. Recently one promising application coming up was the in-
line-characterization of multi-layered foils directly at the production site [14].

The remainder of this chapter is now dedicated to the discussion of some recent applications
of OCT in the field of non-destructive testing.

3.1. Characterization of multi-layered foils

Multi-layered plastic foils are commonly employed in the packaging industry to preserve
the content from environmental influences. In food packaging, for example, different layers
fulfill different purposes, such as protecting the interior from oxygen or providing good va-
por permeability from the inside out. The production process of multi-layered foils at blown
film extrusion lines typically comprises only one step. Especially in the case of barrier layers
it is very important to guarantee the right layer thickness. The material used for such barrier
layers is expensive, and therefore any material used in excess turns the production less cost-
effective. On the other hand, if the layer is too thin the specifications might not be met, turn-
ing the foil useless. In order to ensure already during the production process that the final
product matches the specifications, an in-line quality control is required. The parameters
that need to be monitored in-line include the thickness and homogeneity of the individual
layers and possible inclusions of air or impurities. A method to perform this task has to be
non-destructive, fast, and must provide the ability to reveal the internal structure of
(semi-)transparent media.

Typically the overall foil thickness is measured in-line by radiographic means. This approach,
however, uses hazardous radiation and does not enable the determination of the thickness of
the individual layers. This parameter is usually controlled over the weight of the foil material
before entering the blown film extrusion line. So far, a reliable control of the final product, how-
ever, is only performed off-line. To this end samples pieces are cut out of the multi-layered foils
and are analyzed by destructive means, like e.g. microtome microscopy. This approach is time
consuming and the results are only available several hours after the production of the foil.
Therefore, during this time period the quality of the foil is unknown and it is well possible that
the whole intermediate production has to be classified as waste.
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The non-destructive and contactless nature of OCT turns this technique an ideal tool for the
analysis and quality control of multi-layered foils and other coated structures, as they are
often used in the packaging industry. Films with a thickness of only a few microns can easi-
ly be resolved with common OCT systems, therefore enabling the analysis of film thickness
homogeneity and the detection of impurities [11]. With knowledge on the refractive index of
the single layers in the multi-layered foils, even an exact measure of the sample thickness
can be provided. With fast OCT systems it is possible to monitor the thickness of the indi-
vidual layers in moving foils or even in-line [14].

To test the feasibility of OCT to image multi-layered foils moving at different speeds some
first off-line tests were performed at the facilities of RECENDT. The experiments were con-
ducted with a portable high speed and high resolution spectral-domain OCT system, similar
to the one presented in Figure 1. To meet the requirements of the experiment, the system
was equipped with a specially designed single point probing head. A detailed description of
the system can be found in [14]. Generally, OCT cross section images are obtained by scan-
ning the probing beam across the sample. In this special application, however, the sample
already moves at high speeds in the lateral direction, enabling therefore the acquisition of
depth scans at different lateral positions without scanning.

The multi-layered foils were fixed on top of an optical bench and the OCT probe head was
moved across the foil at different speeds, ranging from 5 mm/s to 800 mm/s. The probing head
was accelerated from its resting position (located on the left or right hand side) and the OCT
measurements were performed in the center piece, where the velocity of the probe head was as-
sumed to be constant. Subsequently the probing head was decelerated. The sample had an
overall thickness of 290 um and consisted of 10 different layers. Figure 2 shows a comparison of
eight OCT images acquired at different speeds of the probing head, ranging from 5 mm/s to 800
mm/s. The images reveal that even at high speeds of the probing head the image quality allows
for a distinction of the individual layers of the foil. The lateral size of the images has a speed de-
pendency and can be calculated over x =v/f, where v is the probe head velocity in mm/s and f is
the frame rate of the images (20 Hz). The image size in axial direction is 2.57 mm (measured in
air).

Subsequently in-line measurements with the same OCT system were performed directly at a
blown film extrusion line (Hosokawa Alpine), which is located at the Innovation Headquar-
ter of Borealis Polyolefine in Linz, Austria. With this equipment it is possible to produce
multi-layered multi-material foils consisting of up to seven individual layers. Throughout
the experiments the overall foil thickness was varied between 30 um and 200 um, and the
production speed was varied between 266 mm/s and 500 mm/s. The multi-layered foils con-
sisted of layers of different materials (Borclear™ polypropylene, Borshape™ polyethylene,
adhesion layer polymer, and EVOH - ethylene vinyl alcohol), where the EVOH layer was
sandwiched between two layers of the other materials. Two exemplary OCT images ac-
quired at a production speed of 500 mm/s are presented in Figure 3. Panel a) shows a foil
with three layers and an overall thickness of 100 um. Panel b) depicts two 100 um thick foils
with four layers each. Thickness measurements were performed on all images and showed a
good accuracy with the values derived from the microscale measurements on the materials
before entering the blown film extrusion line.
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Figure 2. OCT images of multi-layered foils moving at different velocities of a) 5 mm/s; b) 10 mm/s; c) 20 mm/s; d) 50
mm/s; ) 100 mm/s; f) 200 mm/s; g) 300 mm/s; h) 800 mm/s. The image size in axial direction is 2.57 mm (measured
in air). In lateral direction the image size has a speed dependency and is a) 0.25 mm; b) 0.5 mm; ¢) 1 mm; d) 2.5 mm; e)
5 mm;f) 10 mm; g) 15 mm; h) 40 mm [14].

Figure 3. OCT cross-section images acquired in-line at the blow film extruder at a production speed of 500 mm/s; a)
single foil with a thickness of 100 um consisting of three different layers; b) double foil with 100 um thickness each,
consisting of four different layers. The black bars in the lateral and axial dimensions represent 5 mm and 0.3 mm, re-
spectively.

These results showed the applicability of high speed and high resolution optical coherence
tomography as a tool for the in-line quality control of multilayered foils. Future work could
enhance the system performance towards a real in-line closed loop system. Real time imag-
ing has already been shown with OCT [23], allowing therefore a real time observation of the
sample directly during the production process. In this case a dedicated software analysis
would provide the possibility to react on variations or inhomogeneities in the thickness of
the individual foil layers. Therefore, with such a feed-back loop it should be possible to
guarantee the highest quality of the product, to reduce waste, and hence to save resources.
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3.2. OCT in plant photonics and for microstructure analysis in food

Until 2000 only a few reports on OCT applications in plant and food sciences were pub-
lished. Most of them dealt with the layered structure of onions to highlight the applica-
bility and capabilities of the respective OCT devices. The first ones publishing a
dedicated report on this topic were Hettinger et al., who proposed optical coherence mi-
croscopy (OCM) as a technology for a rapid, in vivo, and non-destructive visualization
of plants and plant cells [26]. Since then several general reports on the applicability of
OCM/OCT on plant tissue have been published [27-31].

In 2004 Clements et al. reported a study on differences in the hull thickness in four dif-
ferent species of lupin seeds [32]. Lee et al. published work on disease detection in mel-
on seeds [33] and apple leaves [34], proposing the technique as a suitable method for
automated screening of viral infection in seeds and leaves, respectively. Detailed studies
on the detection of defects, rots, and diseases in onions were published by Meglinski et
al. [35] and Ford et al. [36].

An interesting kind of application is the use of OCT to analyze the microstructure of
fresh pome fruit. Pome fruit like apples are often stored for several months, and the
quality and thickness of the apple skin is one important parameter throughout the stor-
ing process [37], for it determines the protection of the apple against liquid and therefore
weight loss. To show the ability of optical coherence tomography for the analysis and
the control of wax layer thickness we performed OCT imaging sessions on Braeburn ap-
ples supplied by the Flanders Centre of Postharvest technology, Belgium. Figure 4 a)
shows an OCT cross-section image acquired with an SD-OCT system similar to the one
displayed in Figure 1. The image size is 4 x 1.25 mm? and several layers of the paring
can clearly be distinguished. Other interesting features for the storage life of apples are
the lenticels, which act as a bypass medium for the exchange of gases between the fruit
flesh and the ambient. However, also bacteria and funguses can penetrate the fruit
through the lenticels. Panels 4 b) and c) show OCT images of lenticels, as acquired with
an ultra-high-resolution time-domain-OCT (UHR-TD-OCT) set-up. Panel 4 b) corresponds
to a cross section with an image size of 3 x 0.3 mm? A lenticel is clearly visible in the
lateral centre of the image, as indicated by the arrow. Panel 4 c) depicts an en-face im-
age of an apple with an image size of 2 x 2 mm?, as acquired with a UHR-TD-OCT sys-
tem, showing the surface of the paring with a lenticel located in the centre. The
fragmented appearance of this en-face image is due to the high axial resolution of the
OCT set-up, which lies below two microns. Due to the curved shape of the apple, the
flat OCT image plane does not fully coincide with the surface of the apple. As a result,
in the image the upper left corner yields some bright surface reflections from the paring,
whereas the lower part already shows some subsurface pores. Such pores are even better
visible in panel 4 d), which has a size of 3 x 3 mm? and was acquired below the surface
of another Braeburn apple. Once again, the fragmented appearance of the en-face OCT
image is caused by the high axial resolution of the imaging system [38].
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Figure 4. OCT images of Braeburn apples; a) Cross-section image acquired with an SD-OCT system. Image size: 4 x
1.25 mm? b) Cross-section image of a lenticel, acquired with a UHR-TD-OCT system. Image size: 3 x 0.3 mm?, ¢) En-
face OCT image of a lenticel (arrow), acquired with a UHR-TD-OCT set-up. Image size 2 x 2 mm?; d) en-face OCT image
of subsurface pores, acquired with the same system. Image size 3 x 3 mm? [38].

Another application of OCT in food science is the analysis of extruded breakfast cereals. In
the case of extruded cereals the thickness and homogeneity of sugar coatings, as well as the
pore size distribution of the uncoated cereals, are of special interest, since these parameters
determine the rehydration properties and the crisp- and crunchiness, respectively. With the
aid of OCT it is possible to analyze and monitor these quality indicators during the storage
and production processes. Besides a simple analysis of the (sub)surface structures in extrud-
ed breakfast cereals it is also possible to study the dynamic rehydration process when im-
mersing extruded breakfast cereals in a liquid like milk. As a specimen for this particular
experiment we used coated extruded breakfast cereals provided by NESTEC. The cereals
have a spherical shape with a mean diameter of 9 mm and a high surface roughness. They
show a high porosity, and as a consequence in the OCT images only the topmost layer is
visible. As a liquid we used semi-skimmed milk at room temperature (20°C). The experi-
ments were performed with a Thorlabs TELESTO system. The extruded cereals were fixed
on the bottom of a small cylindrical recipient, which was subsequently filled with milk up to
approximately 80 % of the height of the cereal balls. 3D OCT images were recorded at a
frame rate of 0.25 Hz while the cereal was soaked with milk. Figure 5 shows an OCT volume
sequence for one such experiment. The volumes are ordered from a) — d) according to the
progress in time during the experiment. Panel a) illustrates the surface of the cereals with no
milk visible along the surface. In panel b) some first structural changes can be observed. In
panels ¢) and d) more and more milk becomes apparent along the surface of the cereal ball,
resulting in a reformation of the surface morphology. Also a shrinking of the height of the
cereal becomes evident, as the structure of the extruded cereal ball is collapsing when being
immersed in milk.
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(a)Lt=0s hyt=550%

(d)t=T70s

Figure 5. Temporal sequence of 3D OCT images showing the rehydration dynamics of extruded cereals in semi-skim-
med milk. The images are ordered from (a) to (d) according to the progress in time. Image size: 4 x 4 x 2.5 mm?.

The presented studies show the applicability of OCT as a tool in plant photonics and for the
microstructure analysis in the food sciences.

3.3. Evaluation of laser induced (sub)surface structures

In many industrial processes there is a need for precise cutting or drilling in the micrometer
range. Such cutting or drilling is often performed by ablating matter with the aid of picosec-
ond or femtosecond laser light sources. In some recent publications OCT has been shown as
a fast and non-destructive tool to assess the shape and depth of laser induced (sub)surface
structures in a variety of different materials. The high sensitivity of OCT thereby allows the
imaging of very steep edges, and OCT can also be used to give feedback on the optimum
machining parameters. This can be done in a post-processing step, or in situ and in real-time
during the machining process in order to give access to dynamic processes.

Webster et al. [39] reported in 2007 the use of light from the same high-power and broad-
band light source to perform both laser machining in stainless steel and direct observation of
the written structures by means of OCT. The laser source was triggered in synchronism with
the line scan device in the spectrometer and in this way it was possible to study the ablation
dynamics via M-scans. In 2010 Wurm et al. [40] applied OCT to assess the depth and the
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width of laser drilled holes in a carbon fiber reinforced composite material by acquiring vol-
ume scans with subsequent application of a dedicated software algorithm. In the same year
Webster et al. [16] used high speed M-mode OCT to detect relaxation effects between laser
pulses in real-time. Furthermore they applied in situ M-mode OCT data to guide the cut into
a lead zirconate titanate sample towards a certain target depth through a feedback loop con-
trolling the number of laser pulses. A comparison of two OCT images acquired posterior
and ex situ, one without (panel a) and one with (panel b) feedback, is depicted in Figure 6.
Also Wiesner et al. [41] reported on in line process control in laser micromaching processes
by means of OCT. Recently Goda et al. [42] showed the applicability of high throughput
OCT with ~ 91 MHz axial scan rate for real-time monitoring of laser ablation dynamics
caused by irradiation of a silicon sample with a mid-infrared laser pulse and a pulse width
of 5 ns. With this ultra-high speed imaging system they even managed to acquire whole
cross-sections within only 20 ps.

Figure 6. Side view of 3D surface topography of holes cut (a) without and (b) with feedback (B). Volumes above and
below the surface correspond to air and steel, respectively. Scale bars are 100 um (both axes). Reprinted from Paul J.L.
Webster, Joe X.Z. Yu, Ben Y.C. Leung, Mitchell D. Anderson, Victor X.D. Yang, James M. Fraser, "Coherent imaging of
morphology change in laser percussion drilling," Opt.Lett. 2010, 35, 646-648, with permission from the Optical Society
of America © 2010[16].

These recent studies highlight the high potential of OCT for the analysis of dynamic effects
in laser micromachining and as a feedback tool to control the depth of the written structures.

3.4. Characterization of tablet coatings

A very recent application of OCT is the characterization of tablet coatings. Film coating is a
widely used unit operation in the pharmaceutical industry for solid dosage form manufac-
turing, fulfilling different purposes ranging from aesthetic and trade marking issues to func-
tionalized coatings, for taste masking, improved product stability, shelf life increase or
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controlled release of the active pharmaceutical ingredient (API). In addition, functional coat-
ings allow formulators to alter the initial drug release kinetics to be pH dependent by mak-
ing it resistant to gastric juice through enteric coatings, i.e., controlled-release formulations.
Alternatively, it is possible to retard the onset of the drug release by controlling the dissolu-
tion rate via semi-permeable membranes. Furthermore, active ingredients may be incorpo-
rated in the film layer [15].

Although coating processes have been used for many decades, there are still serious chal-
lenges, as there is a lack of understanding of how material and operating parameters impact
product quality. Different problems can arise, such as picking (i.e., part of the film coating is
pulled off one tablet and is deposited on another), twinning (i.e., two or more of the tablet
cores are stuck together), orange peel (i.e., a roughened film due to spray drying), bridging
(e.g., film coating lifts up out of the tablet logo), cracking (e.g., due to internal stresses in the
film), coating inhomogeneity, and film thickness variations within a batch due to poor proc-
ess and equipment design.

At the moment, there are many Process Analytical Technology (PAT) tools available, pro-
viding information about physicochemical product properties, ranging from the chemical
composition or even the quantitative determination of the film coating thickness. Here,
spectroscopic techniques like NIR and Raman were already demonstrated to be powerful
tools for offline product characterization, as well as for in-line process monitoring. Com-
bined with multivariate data analysis (MVDA), these methods enable for quantitative and
non-invasive process monitoring and fulfill also most of the needs for robust and fast
measurements.

However, these systems are often applied for characterizing the whole batch, where only
averaged values for the film thickness are available from a moving tablet bed in a drum
coater for instance. This value is a very good indicator for the overall process status, but
provides little information about variations between single tablets, such as coating mor-
phology and homogeneity. Even though well established quality control parameters, such
as weight gain, indicate coating properties within specifications for the whole batch, no
general conclusion can be drawn for the variation from tablet-to-tablet within a batch or
the overall coating homogeneity of a single tablet. Hence, there is an increasing need for
novel techniques, enabling accurate spatially (laterally and axially) resolved characteriza-
tion of the coating. A comprehensive review on potential techniques fulfilling these re-
quirements was given by Zeitler and Gladden [43], where X-ray computed
microtomography (XuCT), magnetic resonance imaging (MRI), imaging at terahertz fre-
quencies and OCT were evaluated and discussed for their informative value. These techni-
ques can be considered as tomographic, i.e., allowing for a non-destructive three-
dimensional investigation of dosage forms. In contrast to MRI and XuCT, OCT and
terahertz pulsed imaging (TPI) are quite similar techniques and currently the only optical
techniques used for non-destructive characterization of tablet coatings. Other studies on
the application of OCT for the characterization of tablet coatings were published by Juuti
et al. [44], Mauritz et al. [45], Zhong et al. [46] and Koller et al. [15].
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In the work published by Koller et al. [15] OCT was utilized for a quantitative characteri-
zation of pharmaceutical tablet film coatings, sampled at different stages of an industrial
drum spray coating process. OCT was selected from the above mentioned techniques due
to its high axial and lateral resolution, which allows the investigation of very thin layers,
due to its contact-free measurement properties, which is very important for curved surfa-
ces and due to the high data acquisition rates for fast product characterization. The inves-
tigated tablets (round, biconvex Thrombo ASS 50 mg with an enteric coating of Eudragit®
L30D-55) were sampled at 15 different stages (Lots) of the coating process, comprising
tablets with a coating thickness ranging from uncoated to a target coating thickness of
about 70 um. The spray coating process was performed on a batch of approximately 1.2
million tablets using a BTC 400 perforated drum coater (L.B. Bohle Maschinen + Verfah-
ren GmbH, Ennigerloh, Germany). From each sample set, five tablets were analyzed off-
line to get the statistical variation of the coating process. Besides the investigation with
OCT in terms of layer thickness und homogeneity, tablet weight gain and tablet diameters
were determined on a single-tablet level. Scanning electron microscopy (SEM) was ap-

plied on cracked tablets for referencing the coating thickness obtained with OCT.

Figure 7 shows a comparison between tablets of Lots 1, 7, 8, 9, 10, 11, 12, 14 and 15, as ac-
quired with a spectral-domain OCT system similar to the one depicted in Figure 1. Details
on the OCT system are available in Koller et al. [15]. The image size is 4.3 x 0.36 mm?
with a resolution of 4.3 um and < 4 um in lateral and axial direction, respectively. The im-
age acquisition rate was 1.5 images/s for the B-Scans (including display on screen). Due to
the different resolutions, the images show different scales in lateral and axial direction.
The illustrated coating thickness is represented by the optical path length, which is a func-
tion of the refractive index of the coating material (Ngygrge = 1.48). Thus, an accurate deter-
mination of the coating thickness with the SD-OCT system is possible, as long as an
appropriate contrast at the interfaces of the coating allows a clear discrimination between
materials. The snapshots in Figure 7 are ordered from top to bottom according to the
progress in the coating process, with Lot 1 representing a non-coated and Lot 15 a fully
coated tablet. The increase in the coating thickness is clearly evident in the images. This
highlights the potential of OCT, as even very thin layers at the beginning of the coating
process can be analyzed. The arrows indicate defects in the coating or the underlying bulk
material. These may result from inclusions of air during the coating process or density
variations leading to increased light scattering. The features visible below the coating are
caused by photons back-scattered from the substrate material. When using an OCT sys-
tem working at longer wavelengths (e.g. 1300 nm) a deeper penetration into the substrate
should be possible, however at the cost of a lower axial resolution.

With the results from the studies performed so far OCT turned out to be a very powerful
tool for the characterization of tablet coatings.
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Figure 7. SD-OCT B-Scan images of tablets from different stages of the coating process. The image size is 4.3 x
0.36 mm? (measured in air) with a resolution of 4.3 um and <4 um in lateral and axial direction, respectively. Re-
printed from Koller, D.M.; Hannesschlager, G.; Leitner, M.; Khinast, J.G. Non-destructive analysis of tablet coatings
with optical coherence tomography. European Journal of Pharmaceutical Sciences 2011, 44, 142-148, with permis-
sion from Elsevier © 2011 [15].

3.5. Evaluation of structural changes in materials

Many materials undergo structural changes during the production process or during their
lifecycle. Examples include hardening, cooling or heating phases, or changes due to mechan-
ical load or stress. OCT, and especially the functional extension of polarization sensitive
OCT (PS-OCT), is a fast, fully contactless, and non-destructive approach to monitor and
evaluate such processes. PS-OCT gives access to the birefringence of the sample and addi-
tional measurements of full Stokes vectors and Mueller matrices, as well as the simultaneous
determination of intensity, retardation and orientation of the optical axes have been report-
ed. A review on PS-OCT was published by de Boer et al. [47]. Reports on applications of PS-
OCT in the field of NDT have been published, among others, in [12,13,21,48-55].
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For a thorough review on applications of PS-OCT in the field of NDT the reader is referred
to Chapter by Dr. Bettina Heise.

3.6. Other applications of OCT in NDTE

Besides the applications introduced so far, over the past few years OCT has also been ap-
plied to a vast variety of different samples and materials. For example several groups fo-
cused their efforts on the characterization of artwork, with a recent review on this topic
having been published by Targowski et al. [22].

Especially the group around Myllyld in Oulu, Finland, is heavily engaged in the application
of OCT for NDT. Over the last years they have applied OCT for the characterization of pa-
per [56-59], printed electronics circuits [19,60] and also used OCT as a method for the char-
acterization of wettability [61].

OCT can also be used to detect forgery in ancient jade [62] or banknotes [63], or the security
thread in valuable documents [64]. A similar application is the one reported by Ju et al. for
the evaluation and identification of pearls [65].

Furthermore, over the past few years OCT has been introduced as a tool to characterize and
investigate samples, like e.g., organic solar cells [17], aerospace materials [66], light emitting
diodes [67], periodically poled ferroelectrics [68], wet pad surfaces in chemical mechanical
polishing processes [69], embedded micro channels in alumina ceramics [70], and even to
study boiling phenomena [71].

4. Summary and outlook

In this chapter some applications of optical coherence tomography in non-destructive test-
ing were presented and discussed. After an introduction to the technique of OCT and some
considerations related to its use in non-destructive testing, a brief overview on the develop-
ment of applications of OCT in the field of NDT was given. Special emphasis was paid to
recent reports on topics like the characterization of multi-layered foils, studies on plant pho-
tonics and the microstructure in foods, the characterization of laser induced (sub)surface
structures, and the determination of coating thickness in pharmaceutical tablets. In the end a
brief overview on other NDT-related applications of OCT was provided.

With respect to the strong increase in the number of research groups working on OCT
applications outside the field of biomedicine it is to be expected that the number of pub-
lications will rise drastically within the next few years. New applications for lab based
and desktop OCT devices will be found, helping to better understand a wide variety of
material systems and processes. On the other hand, so far the number of reports on the
use of OCT in industrial environments and for the in situ and real-time monitoring of in-
dustrial processes is still scarce. However, some first and very promising reports point-
ing into this direction were reviewed in this chapter, triggering the demand for faster
and more robust OCT devices in the future.



Optical Coherence Tomography — Applications in Non-Destructive Testing and Evaluation
http://dx.doi.org/10.5772/53960

Acknowledgements

Financial support is gratefully acknowledged from the European Union (project FP7-226783
— InsideFood; The opinions expressed in this document do by no means reflect the official
opinion of the European Union or its representatives), the , K-Project for Non-Destructive
Testing and Tomography” supported by the COMET-program of the Austrian Research
Promotion Agency (FFG), Grant No. 820492, the European Regional Development Fund
(EFRE) in the framework of the EU-program REGIO 13, and the federal state of Upper Aus-
tria is gratefully acknowledged.

Author details

Alexandra Nemeth, Giinther Hannesschléger, Elisabeth Leiss-Holzinger,
Karin Wiesauer and Michael Leitner

*Address all correspondence to: michael leitner@recendt.at

Research Center for Non-Destructive Testing GmbH, Linz, Austria

References

(1]

(2]

Huang, D.; Swanson, E.A.; Lin, C.P.; Schuman, J.S.; Stinson, W.G.; Chang, W.; Hee;
Flotte, T.; Gregory, K.; Puliafito, C.A.; et al. Optical coherence tomography. Science
1991, 254, 1178-1181.

Drexler, W.; Morgner, U.; Kartner, F.X,; Pitris, C.; Boppart, S.A.; Li, X.D.; Ippen, E.P,;
Fujimoto, J.G. In vivo ultrahigh-resolution optical coherence tomography. Opt. Lett.
1999, 24, 1221-1223.

Colston, B.; Sathyam, U.; DaSilva, L.; Everett, M.; Stroeve, P.; Otis, L. Dental OCT.
Opt. Express 1998, 3, 230-238.

Podoleanu, A.; Rogers, J.; Jackson, D.; Dunne, S. Three dimensional OCT images
from retina and skin. Opt. Express 2000, 7, 292-298.

Jang, I.-K.; Bouma, B.E.; Kang, D.-H.; Park, S.-].; Park, S.-W.; Seung, K.-B.; Choi, K.-B,;
Shishkov, M.; Schlendorf, K.; Pomerantsev, E.; et al. Visualization of coronary athero-
sclerotic plaques in patients using optical coherence tomography: comparison with
intravascular ultrasound. Journal of the American College of Cardiology 2002, 39,
604-609.

Jenkins, M.W.; Duke, A.R.; Gu, S.; Doughman, Y.; Chiel, H.].; Fujioka, H.; Watanabe,
M.; Jansen, E.D.; Rollins, A.M. Optical pacing of the embryonic heart. Nat Photon
2010, 4, 623-626.

179



180 Optical Coherence Tomography

[7]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

Swanson, E.A.; Hee, M.R; Tearney, G.]J.; Fujimoto, ]J.G. Application of optical coher-
ence tomography in nondestructive evaluation of material microstructure. In Lasers
and Electro-Optics, 1996. CLEO '96., 1996, pp. 326-327.

Bashkansky, M.; Battle, P.R.; Duncan, M.D.; Kahn, M.; Reintjes, ]. Subsurface Defect
Detection in Ceramics Using an Optical Gated Scatter Reflectometer. Journal of the
American Ceramic Society 1996, 79, 1397-1400.

Bashkansky, M.; Duncan, M.D.; Kahn, M.; Lewis III, D.; Reintjes, J. Subsurface defect
detection in ceramics by high-speed high-resolution optical coherent tomography.
Opt. Lett. 1997, 22, 61-63.

Duncan, M.; Bashkansky, M.; Reintjes, ]. Subsurface defect detection in materialsus-
ing optical coherence tomography. Opt. Express 1998, 2, 540-545.

Wiesauer, K.; Pircher, M.; Gotzinger, E.; Bauer, S.; Engelke, R.; Ahrens, G.; Griitzner,
G.; Hitzenberger, C.; Stifter, D. En-face scanning optical coherence tomography with
ultra-high resolution for material investigation. Opt. Express 2005, 13, 1015-1024.

Wiesauer, K.; Pircher, M.; Goetzinger, E.; Hitzenberger, C.K.; Engelke, R.; Ahrens, G,;
Gruetzner, G,; Stifter, D. Transversal ultrahigh-resolution polarization-sensitive opti-
cal coherence tomography for strain mapping in materials. Opt. Express 2006, 14,
5945-5953.

Stifter, D. Beyond Biomedicine: A Review of Alternative Applications And Develop-
ments For Optical Coherence Tomography. Applied Physics B 2007, 88, 337-357.

Hannesschlédger, G.; Nemeth, A.; Hofer, C.; Goetzloff, C.; Reussner, J.; Wiesauer, K,;
Leitner, M. Optical coherence tomography as a tool for non destructive quality con-
trol of multi-layered foils. In Proceedings of the 6th NDT in Progress 2011, Interna-
tional Workshop of NDT Experts, Prag, 10.09-12.09.2011, 2011, pp. Paper 7.

Koller, D.M.; Hannesschlédger, G.; Leitner, M.; Khinast, ].G. Non-destructive analysis
of tablet coatings with optical coherence tomography. European Journal of Pharma-
ceutical Sciences 2011, 44, 142-148.

Webster, P.J.L.; Yu, ] X.Z.; Leung, B.Y.C.; Anderson, M.D.; Yang, V.X.D.; Fraser, ].M.
In situ 24 kHz coherent imaging of morphology change in laser percussion drilling.
Opt. Lett 2010, 35, 646-648.

Thrane, L.; Jorgensen, T.M.; Jorgensen, M.; Krebs, F.C. Application of optical coher-
ence tomography (OCT) as a 3-dimensional imaging technique for roll-to-roll coated
polymer solar cells. Solar Energy Materials and Solar Cells 2012, 97, 181-185.

Alarousu, E.; Krehut, L.; Prykari, T.; Myllyla, R. Study on the use of optical coherence
tomography in measurements of paper properties. Measurement Science and Tech-
nology 2005, 16, 1131.



[19]

[21]

[22]

[23]

[24]

[25]

(28]

[29]

Optical Coherence Tomography — Applications in Non-Destructive Testing and Evaluation
http://dx.doi.org/10.5772/53960

Czajkowski, J.; Prykéri, T.; Alarousu, E.; Palosaari, J.; Myllyld, R. Optical coherence
tomography as a method of quality inspection for printed electronics products. Opti-
cal Review 2010, 17, 257-262.

Stifter, D.; Leiss-Holzinger, E.; Major, Z.; Baumann, B.; Pircher, M.; Gotzinger, E.; Hit-
zenberger, C.K.; Heise, B. Dynamic optical studies in materials testing with spectral-
domain polarization-sensitive optical coherence tomography. Optics Express 2010,
18, 25712-25725.

Targowski, P.; Iwanicka, M. Optical Coherence Tomography: its role in the non-inva-
sive structural examination and conservation of cultural heritage objects - a review.
Applied Physics A: Materials Science & Processing 2012, 106, 265-277.

van der Jeught, S.; Bradu, A.; Podoleanu, A.G. Real-time resampling in Fourier do-
main optical coherence tomography using a graphics processing unit. J. Biomed. Opt.
2010, 15, 30511-3.

Chen, Z.; Milner, T.E.; Dave, D.; Nelson, ].S. Optical Doppler tomographic imaging of
fluid flow velocity in highly scattering media. Opt. Lett. 1997, 22, 64-66.

Pircher, M.; Gotzinger, E.; Leitgeb, R.; Fercher, A.; Hitzenberger, C. Measurement
and imaging of water concentration in human cornea with differential absorption op-
tical coherence tomography. Opt. Express 2003, 11, 2190-2197.

Hettinger, ].W.; La Mattozzi, M.P. de; Myers, W.R.; Williams, M.E.; Reeves, A.; Par-
sons, R.L.; Haskell, R.C.; Petersen, D.C.; Wang, R.; Medford, J.I. Optical Coherence
Microscopy. A Technology for Rapid, in Vivo, Non-Destructive Visualization of
Plants and Plant Cells. Plant Physiology 2000, 123, 3-16.

Reeves, A.; Parsons, R.L.; Hettinger, ] W.; Medford, J.I. In vivo three-dimensional
imaging of plants with optical coherence microscopy. Journal of Microscopy 2002,
208, 177-189.

Sapozhnikova, V.V.; Kamenskii, V.A.; Kuranov, R.V. Visualization of Plant Tissues
by Optical Coherence Tomography. Russian Journal of Plant Physiology 2003, 50,
282-286.

Kutis, 1.S.; Sapozhnikova, V.V.; Kuranov, R.V.; Kamenskii, V.A. Study of the Mor-
phological and Functional State of Higher Plant Tissues by Optical Coherence Micro-
scopy and Optical Coherence Tomography. Russian Journal of Plant Physiology
2005, 52, 559-564.

Boccara, M.; Schwartz, W.; Guiot, E.; Vidal, G.; Paepe, R. de; Dubois, A.; Boccara, A.-
C. Early chloroplastic alterations analysed by optical coherence tomography during a
harpin-induced hypersensitive response. The Plant Journal 2007, 50, 338-346.

Loeb, G.; Barton, ].K. Imaging botanical subjects with optical coherence tomography:
a feasibility study, 2008.

181



182  Optical Coherence Tomography

[31]

[32]

[34]

[37]

[38]

[39]

[41]

[42]

[43]

Clements, J.C.; Zvyagin, A.V.; Silva, KK.M.B.D.; Wanner, T.; Sampson, D.D.; Cowl-
ing, W.A. Optical coherence tomography as a novel tool for non-destructive meas-
urement of the hull thickness of lupin seeds. Plant Breeding 2004, 123, 266-270.

Lee, C; Lee, S.-Y.; Kim, J.-Y.; Jung, H.-Y.; Kim, J. Optical Sensing Method for Screen-
ing Disease in Melon Seeds by Using Optical Coherence Tomography. Sensors 2011,
11, 9467-9477.

Lee, C.-H.; Lee, S.-Y.; Jung, H.-Y.; Kim, J.-H. The Application of Optical Coherence
Tomography in the Diagnosis of Marssonina Blotch in Apple Leaves. J. Opt. Soc. Ko-
rea 2012, 16, 133-140.

Meglinski, I.; Buranachai, C.; Terry, L. Plant photonics: application of optical coher-
ence tomography to monitor defects and rots in onion. Laser Physics Letters 2010, 7,
307-310.

Ford, H.D,; Tatam, R.P.; Landahl, S.; Terry, L.A. Investigation of disease in stored on-
ions using optical coherence tomography. In IV International Conference Postharvest
Unlimited 2011, pp. 247-254.

Veraverbeke, E.A.; van Bruaene, N.; van Oostveldt, P.; Nicolai, B.M. Non destructive
analysis of the wax layer of apple Malus domestica by means of confocal laser scan-
ning microscopy. Planta 2001, 213, 525-533.

Leitner, M.; Hannesschldger, G.; Saghy, A.; Nemeth, A.; Chassagne-Berces, S.;
Chanvrier, H.; Herremans, E.; Verlinden, B. Optical coherence tomography for quali-
ty control and microstructure analysis in food. In ICEF Athens, 22.-26.05.2011, 2011.

Webster, P.J.L.; Muller, M.S.; Fraser, ] M. High speed in situ depth profiling of ultra-
fast micromachining. Opt. Express 2007, 15, 14967-14972.

Wurm, M.; Hofer, C.; Traxler, H.; Zabernig, A.; Harrer, B. Vermessung der Laserboh-
rungen in faserverstarktem Graphit mittels Optischer Kohdrenztomographie. In In-
dustrielle Computertomographie, Wels, 27.-29.09.2010, 2010, pp. 133-140.

Wiesner, M.; Ihlemann, J.; Muller, H.H.; Lankenau, E.; Huttmann, G. Optical coher-
ence tomography for process control of laser micromachining. Rev. Sci. Instrum.
2010, 81, 33705-7.

Goda, K; Fard, A.; Malik, O.; Fu, G.; Quach, A.; Jalali, B. High-throughput optical co-
herence tomography at 800 nm. Opt. Express 2012, 20, 19612-19617.

Zeitler, ]J.A.; Gladden, L.F. In-vitro tomography and non-destructive imaging at
depth of pharmaceutical solid dosage forms: Special Issue: Solid State and Solid Dos-
age Forms. European Journal of Pharmaceutics and Biopharmaceutics 2009, 71, 2-22.

Juuti, M.; Tuononen, H.; Prykari, T.; Kontturi, V.; Kuosmanen, M.; Alarousu, E.; Ke-
tolainen, J.; Myllyl4, R.; Peiponen, K. Optical and terahertz measurement techniques
for flat-faced pharmaceutical tablets: a case study of gloss, surface roughness and



[44]

[45]

[46]

[47]

[49]

[50]

[52]

[53]

[54]

Optical Coherence Tomography — Applications in Non-Destructive Testing and Evaluation
http://dx.doi.org/10.5772/53960

bulk properties of starch acetate tablets. Measurement Science and Technology 2009,
20, 15301.

Mauritz, ] M.A.; Morrisby, R.S.; Hutton, R.S.; Legge, C.H.; Kaminski, C.F. Imaging
pharmaceutical tablets with optical coherence tomography. J. Pharm. Sci. 2010, 99,
385-391.

Zhong, S.; Shen, Y.-C,; Ho, L.; May, RK,; Zeitler, ].A.; Evans, M.; Taday, P.F.; Pepper,
M.; Rades, T.; Gordon, K.C.; et al. Non-destructive quantification of pharmaceutical
tablet coatings using terahertz pulsed imaging and optical coherence tomography.
Optics and Lasers in Engineering 2011, 49, 361-365.

Boer, J.F. de; Milner, T.E. Review of polarization sensitive optical coherence tomogra-
phy and Stokes vector determination. J. Biomed. Opt. 2002, 7, 359-371.

Oh, J.-T.; Kim, S.-W. Polarization-sensitive optical coherence tomography for photoe-
lasticity testing of glass/epoxy composites. Opt. Express 2003, 11, 1669-1676.

Stifter, D.; Burgholzer, P.; Hoglinger, O.; Gotzinger, E.; Hitzenberger, C.K. Polarisa-
tion-sensitive optical coherence tomography for material characterisation and strain-
field mapping. Applied Physics A: Materials Science & Processing 2003, 76, 947-951.

Wiesauer, K.; Dufau, A.D.S.; Gotzinger, E.; Pircher, M.; Hitzenberger, C.K,; Stifter, D.
Non-destructive quantification of internal stress in polymer materials by polarisation
sensitive optical coherence tomography. Acta Materialia 2005, 53, 2785-2791.

Wiesauer, K.; Pircher, M.; Gotzinger, E.; Hitzenberger, C.K,; Oster, R.; Stifter, D. In-
vestigation of glass—fibre reinforced polymers by polarisation-sensitive, ultra-high
resolution optical coherence tomography: Internal structures, defects and stress.
Composites Science and Technology 2007, 67, 3051-3058.

Engelke, R.; Ahrens, G.; Arndt-Staufenbiehl, N.; Kopetz, S.; Wiesauer, K.; Lochel, B.;
Schroder, H.; Kastner, J.; Neyer, A,; Stifter, D.; et al. Investigations on possibilities of
inline inspection of high aspect ratio microstructures. Microsystem Technologies
2007, 13, 319-325.

Wiesauer, K.; Pircher, M.; Gtzinger, E.; Hitzenberger, C.K.; Engelke, R.; Grtzner, G,;
Ahrens, G.; Oster, R.; Stifter, D. Measurement of structure and strain by transversal
ultra-high resolution polarisation-sensitive optical coherence tomography. Insight -
Non-Destructive Testing and Condition Monitoring 2007, 49, 275-278.

Heise, B.; Wiesauer, K.; Gotzinger, E.; Pircher, M.; Hitzenberger, C.K.; Engelke, R,;
Ahrens, G.; Griitzner, G,; Stifter, D. Spatially Resolved Stress Measurements in Mate-
rials With Polarisation-Sensitive Optical Coherence Tomography: Image Acquisition
and Processing Aspects. Strain 2010, 46, 61-68.

Leiss-Holzinger, E.; Cakmak, U.D.; Heise, B.; Bouchot, ].L.; Klement, E.P.; Leitner, M.;
Stifter, D.; Major, Z. Evaluation of structural change and local strain distribution in
polymers comparatively imaged by FFSA and OCT techniques. eXPRESS Polymer
Letters 2012, 6, 249-256.

183



184  Optical Coherence Tomography

[55]

[59]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Alarousu, E.; Krehut, L.; Prykari, T.; Myllyla, R. Study on the use of optical coherence
tomography in measurements of paper properties. Measurement Science and Tech-
nology 2005, 16, 1131.

Fabritius, T.; Myllyl4, R. Liquid sorption investigation of porous media by optical co-
herence tomography. Journal of Physics D: Applied Physics 2006, 39, 4668.

Fabritius, T.; Myllyld, R. Investigation of swelling behaviour in strongly scattering
porous media using optical coherence tomography. Journal of Physics D: Applied
Physics 2006, 39, 2609.

Prykari, T.; Czajkowski, J.; Alarousu, E.; Myllyld, R. Optical coherence tomography
as an accurate inspection and quality evaluation technique in paper industry. Optical
Review 2010, 17, 218-222.

Czajkowski, J.; Fabritius, T.; Ulanski, J.; Marszatek, T.; Gazicki-Lipman, M.; Nosal, A.;
Sliz, R.; Alarousu, E.; Prykari, T.; Myllyla, R.; et al. Ultra-high resolution optical co-
herence tomography for encapsulation quality inspection. Applied Physics B: Lasers
and Optics 2011, 105, 649-657.

Fabritius, T.; Myllyld, R.; Makita, S.; Yasuno, Y. Wettability characterization method
based on optical coherence tomography imaging. Opt. Express 2010, 18, 22859-22866.

Chang, S.; Mao, Y.; Chang, G.; Flueraru, C. Jade detection and analysis based on opti-
cal coherence tomography images. Optical Engineering 2010, 49, 63602.

Choi, W.-J.; Min, G.-H.; Lee, B.-H.; Eom, J.-H.; Kim, J.-W. Counterfeit Detection Using
Characterization of Safety Feature on Banknote with Full-field Optical Coherence To-
mography. J. Opt. Soc. Korea 2010, 14, 316-320.

Fujiwara, K.; Matoba, O. High-speed cross-sectional imaging of valuable documents
using common-path swept-source optical coherence tomography. Appl. Opt. 2011,
50, H165.

Ju, M.].; Lee, SJ.; Min, EJ.; Kim, Y.; Kim, HY.; Lee, B.H. Evaluating and identifying
pearls and their nuclei by using optical coherence tomography. Opt. Express 2010,
18, 13468-13477.

Liu, P.; Groves, R.M.; Benedictus, R. Quality assessment of aerospace materials with
optical coherence tomography 2012, 843001

Cho, N.H,; Jung, U.; Kim, S.; Kim, J. Non-Destructive Inspection Methods for LEDs
Using Real-Time Displaying Optical Coherence Tomography. Sensors 2012, 12,
10395-10406.

Pei, S.-C.; Ho, T.-S.; Tsai, C.-C.; Chen, T.-H.; Ho, Y.; Huang, P.-L.; Kung, A.H,;
Huang, S.-L. Non-invasive characterization of the domain boundary and structure
properties of periodically poled ferroelectrics. Opt. Express 2011, 19, 7153-7160.



[68]

[69]

Optical Coherence Tomography — Applications in Non-Destructive Testing and Evaluation
http://dx.doi.org/10.5772/53960

Choi, W.J; Jung, S.P.; Shin, ].G.; Yang, D.; Lee, B.H. Characterization of wet pad sur-
face in chemical mechanical polishing (CMP) process with full-field optical coher-
ence tomography (FF-OCT). Opt. Express 2011, 19, 13343-13350.

Su, R.; Kirillin, M.; Ekberg, P.; Roos, A.; Sergeeva, E.; Mattsson, L. Optical coherence
tomography for quality assessment of embedded microchannels in alumina ceramic.
Opt. Express 2012, 20, 4603—4618.

Meissner, S.; Herold, J.; Kirsten, L.; Schneider, C.; Koch, E. 3D optical coherence to-
mography as new tool for microscopic investigations of nucleate boiling on heated
surfaces. International Journal of Heat and Mass Transfer 2012, 55, 5565-5569.

185









ISBN 978-953-51-6315-2
9”789535H 1631 SZH




	Optical Coherence Tomography
	Contents
	Preface
	Section 1
Ophthalmology
	Chapter 1
Current Applications of Optical Coherence Tomography in Ophthalmology
	Chapter 2
B-Scan and ‘En-Face’Spectral-Domain Optical Coherence Tomography Imaging for the Diagnosis and Follow-Up of White Dot Syndromes
	Chapter 3
Application of Optical Coherence Tomography and Macular Holes in Ophthalmology
	Chapter 4
Optical Coherence Tomography in Neuro-Ophthalmology

	Section 2
Atherosclerosis
	Chapter 5
Visualization of Plaque Neovascularization by OCT
	Chapter 6
Optical Coherence Tomography (OCT): A New Imaging Tool During Carotid Artery Stenting
	Chapter 7
Optical Coherence Tomography for Coronary Artery Plaques – A Comparison with Intravascular Ultrasound

	Section 3
Engineering
	Chapter 8
Full Field Optical Coherence Microscopy: Imaging and Image Processing for Micro-Material Research Applications
	Chapter 9
Optical Coherence Tomography – Applications in Non- Destructive Testing and Evaluation




