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(Fig. 1) Thank you very much. It’s really a great privilege to have the opportunity to speak
to you this afternoon. The topic of this lecture is “Optical Coherence Tomography: Development,
Evolution and Future Prospects”, but before I begin, I wanted to express my sincere thanks
to the Honda Foundation and the selection committee. As you know, the Honda Foundation
emphasizes eco-technology and its impact on society, so I'm especially honored that the work
that we’ve done, which is embodied by engineering and science in general, was nominated for
the Honda Prize. We want to advance science and technology to make a positive impact on

health and wellbeing, to create jobs, and to improve societal conditions in general.

Honda Prize 2024

Thank you to the Honda Foundation and Selection Committee

The Honda Foundation emphasizes Ecotechnology:
Human-friendly philosophy founded on science and technology,
harmonizing the natural and human environments and
findings solutions to social issues

The development of OCT required a multidisciplinary effort by
scientists, engineers, clinicians and industry - spanning the
international community — working to improve health and well being.

Fig 2
(Fig. 2) The development of OCT is an especially interesting example, in the sense that it



1s multi-disciplinary. It required a combination of science, engineering, clinical medicine, and

industry commitment, spanning the international community, working together to improve

health and well-being.
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Fig. 3

(Fig. 3) Before I begin, I also want to acknowledge our current and recent group members

at MIT. We are also very fortunate to be able to work with clinical collaborators at the New

England Eye Centre and multiple other institutions, with thought leaders in the field of

ophthalmology and in other areas, as well as with industry; Thorlabs, Premium Research and

with Topcon Corporation.

A personal note —

| owe a great debt to ophthalmology retina specialists

My father
Harold Fujimoto
ca 1945

Before | was born, my father almost lost his
eyesight

He had retinal hemorrhaging and his visual
acuity was reduced to counting fingers

He consulted several doctors but his
condition was considered untreatable

Fortunately, he was referred to the retinal
specialist Dr. John Bellows - professor,
inventor, pioneer of cryotherapy and tele-
consulting

Dr. Bellows diagnosed ocular tuberculosis
and saved my father’s eyesight

Fig. 4

(Fig. 4) I also wanted to mention a personal note, because I know there are clinicians in the

audience. I owe a great debt to ophthalmology retina specialists because my father almost lost

his eyesight - this is his photo when he was younger. He had retinal hemorrhaging and his

visual acuity was reduced to counting fingers. He saw several doctors, but his condition was difficult



to diagnose, and it was considered untreatable. But fortunately, he was referred to a retinal
specialist, Dr. John Bellows. Dr. Bellows was a professor, a clinical thought leader, an inventor,
a pioneer of cryotherapy, who also pioneered teleconsulting. He diagnosed my father with ocular
tuberculosis, which i1s an uncommon disease and difficult to diagnose; he saved my father’s

eyesight. So, I have a great respect for clinical medicine and for retinal specialists in particular.

Optical Coherence Tomography
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Fig. 5
(Fig. 5) Optical coherence tomography (OCT) has had its largest application in the field of
ophthalmology, but it’s also used in cardiology and other areas, such as gastroenterology, as

well as in fundamental research.
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Fig. 6
(Fig. 6) If we think about how OCT versus other imaging methods, here we have a
comparison of resolution and image penetration; ultrasound is here, full body imaging, scaling
the frequency to get higher resolution reduces penetration. The highest resolution imaging
would be microscopy, and OCT fits between ultrasound and microscopy, micron scale

resolution with a penetration depth a greater than microscopy, but less than ultrasound.



Optical Coherence Tomography

OCT uses echoes of light to perform high resolution imaging of
subsurface tissue structure in situ and in real time

Imaging pathology where excisional biopsy is hazardous or
impossible — such as ophthalmology, cardiology

Guiding interventional / surgical procedures
Imaging markers of disease, progression, or treatment response

Non-destructive evaluation, metrology, process monitoring

Fig. 7

(Fig. 7) Optical coherence tomography is a technique that uses echoes of light to image
internal or subsurface structure at high resolution, in situ without removing specimens and
in real time.
There are multiple applications; imaging pathology where you could not do biopsy; the retina,
in ophthalmology, would be an example, but also cardiology where the arteries are very rarely
biopsied. It’s possible to guide interventional or surgical procedures, and also to image
markers of disease progression or treatment response, for diagnosis as well as pharmaceutical
development. There are also applications for non-destructive evaluation, metrology and

process monitoring.

Optical Coherence Tomography (OCT)
Imaging using the Echo Time Delay of Light

_ _ Back-reflected or
Incident Light Back-scattered
Echoes of Light

Fig. 8
(Fig. 8) Essentially, OCT is the analogue of ultrasound; it uses echoes of light and by measuring

the echo time delay and magnitude, it can construct information on subsurface structure.



Optical Coherence Tomography
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Fig. 9
(Fig. 9) This can be done in one-dimension, axial scanning to measure depth; or by scanning
the laser in two dimensions to generate a cross-sectional image; or in three dimensions to

generate a volumetric image.
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(Fig. 10) One of the interesting points about OCT is that is required a multi-disciplinary
partnership; government and industry funding supports basic science and technology, but it’s
also important to have applied science and engineering to develop technology; studies by
clinical thought leaders; and investment and development from industry. All of these are
important and interact in order to bring new methods from the laboratory to clinical practice.
The ultimate objective i1s to improve the quality of life and health care, as well as to have
healthcare savings. In the case of OCT, it was possible to use innovations from other areas

and other industries, and there also was an economic impact which we’ll comment on later.



Basic Science and Technology

Fig. 11
(Fig. 11) So let’s start with basic science and technology.

Special thanks to Professor Erich Ippen

» Professor of Electrical Engineering and
Computer Science Emeritus at MIT

* OSA/Optica Past President

* OSA/Optica Ives Medal Winner
“For laying the foundations of ultrafast
science and engineering, and

providing vision and sustained
leadership to the optics community”

Erich Ippen taught us the value of
scientific discipline and clarity

Fig. 12
(Fig. 12) I especially wanted to acknowledge my mentor, my thesis advisor, Professor Erich
Ippen. Professor Ippen was Professor of Electrical Engineering and Computer Science at MIT.
He was the Past President for OSA/Optica, one of the large optical societies. He won the Ives
Medal for laying the foundations of ultrafast science and engineering as well as for providing
vision and sustained leadership to the optics community. Erich really had a profound impact
on my scientific training. He taught us the value of scientific discipline and clarity of

observation, which I think are important in many areas.



Ultrahigh Speed Photography of Picosecond
Light Pulses and Echoes

M. A. Duguay and A. T. Mattick Applied Optics (1971)

2162 APPLIED OPTICS / Vol. 10, No. 9 / September 1971

Fig. 13-1

Ultrahigh Speed Photography of Picosecond
Light Pulses and Echoes

M. A. Duguay and A. T. Mattick Applied Optics (1971)

Photographing light in flight requires
picosecond time resolution

1 picosecond = 1 millionth of 1 millionth of a second

2162 APPLIED OPTICS / Vol. 10, No. 9 / September 1971

Fig. 13-2
(Fig. 13) The original concepts for OCT imaging actually came from a study that was done
at AT&T Bell Laboratories by Michel Duguay in 1971. He developed a method for high speed
photography by using lasers, and he photographed a pulse of light in flight. This is a remarkably

high-speed photograph requiring a picosecond time resolution; to put this in perspective,

a picosecond is one millionth of one millionth of a second.



Time Gated Picture Ranging

AT&T logo (left) and behind scattering material (right)

Fig. 14-1

Time Gated Picture Ranging

Time gating removes unwanted scattered light
and partially recovers image

‘One interesting possibility of gated picture ranging is
the potential to see through the human skin’

— M.A. Duguay and A.T. Mattick (1971)

Fig. 14-2
(Fig. 14) In his paper, he commented that you could take a photograph of an AT&T logo that
1s behind a scattering material and by gating out the unwanted scattered light you could
partially recover the information that is essentially subsurface.
Duguay suggested the possibility of using this method to see inside the body, to see through
human skin. I think this was one of the first proposals to use short-pulse technologies for

biomedical imaging, back in 1971.



Femtosecond Laser Technology (ca 1983)

Fig. 15-1

Femtosecond Laser Technology (ca 1983)

Measuring biological tissues requires
femtosecond time resolutions

1 femtosecond = 1 millionth of 1 billionth of a second

Fig. 15-2
(Fig. 15) I was fortunate to work with Erich Ippen on femtosecond laser technologies.
These are femtosecond lasers that you see here, 1983. To put this in perspective, if we want
to measure biological tissues, we need essentially femtosecond time resolution. A femtosecond

1s one millionth of one billionth of a second, so it was faster even than picoseconds.



Femtosecond Optical Ranging (1986)
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Fig. 16
(Fig. 16) We became interested in applying this technology to measure biological specimens.
This is a classic method in ultrafast science, a measurement comparing reflected or back-scattered
light against a reference light. Using this, it was possible to measure the thickness of the
cornea, the cornea-air interface, to see internal structure and it was also possible to image the

skin. But the problem was, femtosecond lasers are expensive, and the sensitivity was limited.
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Fig. 17
(Fig. 17) The solution was to use interferometry, a classic physics technique. The Michelson
interferometer uses a light source and compares light from a sample to a reference path. By
using low coherence light, it was possible to localize information or echoes of light from the
sample. This shows an example measuring the air-to-cornea interface, the anterior chamber
of the eye, aqueous to the lens, By displacing the beam, we can measure a different profile.

Interferometry had the advantage of extremely high sensitivity and low cost.
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Science, 254
November (1991)

Optical Coherence Tomography

DaviD HUANG, ERIC A. SWANSON, CHARLES P. LIN,

JOEL S. SCHUMAN, WILLIAM G. STINSON, WARREN CHANG,
MicHAEL R. HEE, THOMAS FLOTTE, KENTON GREGORY,
CARMEN A. PULIAFITO, JAMES G. FujimoTo*

OCT uses low-coherence

A technique called optical coherence tomography (OCT) has been developed for
systems.

OCT has longitudinal and lateral

image of optical scattering from internal

micrometer spatial resolutions and high detec-
tion sensitivities (12).

We have extended the technique of low-
coherence reflectometry to tomographic im-
aging in biological systems. In low-coherence
reflectometry, the coherence property of ight

reflccted from a sample provides information
on the time-of-flight delay from the reflective
boundaries and backscattering sites in the
sample. The delay information is then used to
determine the longitudinal location of the
reflection sites. The OCT system performs
multiple longitudinal scans at a serics of lat-
eral locations to provide a two-dimensional
map of reflection sites in the sample. This
mode of operation is analogous to ultrasonic
pulse-ccho imaging (ultrasound B-mode).

‘The optical sectioning capability of OCT

. is akin to that of confocal microscopic sys-

spatial resolutions of a few mmommﬂ and can

detect reflected signals as small as ~10~° of the incident optical power. Tomographic

imaging is demonstrated in vitro in the

pqnlhryuuof!hemmandinth:

coronary artery, two clinically relevant examples that are representative of transparent

and turbid media, respectively.

OMOGRAPHIC  IMAGING  TECH-
niques such as x-ray computed to-
mography (1), magnetic resonance

imaging (2), and ultrasound imaging (3)

have found widespread applications in med-

icine. Each of these techniques measures a

different physical property and has a resolu-

tion and penctration range that prove ad-

surements of microstructure have been per-
formed in the cye and the skin with
femtosecond laser pulses (5). Time gating by
means of coherent (6) as well as noncoher-
ent (7) techniques has been used to prefer-
entially detect directly ransmitted light and
obtain transmission images in turbid tissue.

for

tems (13, 14). However, although the lon-
gitudinal resolution of confocal microscopy
depends on the available numerical aperture
(15), OCT's resolution islimited only by the
coherence length of the light source. Thus,
OCT can maintain high depth resolution
even when the available aperture is small.
“This feature will be particularly useful for in
vivo measurement of deep tissues, for exam-

ple, in transpupillary imaging of the poste- 2

rior eye and in endoscopic imaging.

‘The OCT scanner (Fig. 1) is an extension
of previous low-coherence reflectometer sys-
tems (12). High-speed, continuous-motion

vantageous for specific In this
report, we discuss OCT. With this tech-
nique it is possible to perform noninvasive

Low-coherence reficctomety has been used
P

nents (8), for surface contour mapping in
integrated circuits (9), and for ranging mea-

scanning is used to increase the
data acquisition rate, and a transverse scan-
ning mechanism makes possible two-dimen-

Fig. 18
(Fig. 18) With this advance, it became possible to imagine performing imaging. Optical Coherence
Topography was published in Science 1991, and I especially wanted to mention Dr. David Huang.

i
David’Huang as a PhD student
with collaborators from Politechnico Milano,
International Quantum Electronics/Conference Vienna 1992

Reports

Optical Coherence
Davip HUANG, ERIC A.

MICHAEL R. HEE, THOM|
EN A. PULIAFITO, J.

Dr. Huang, MD PhD is now
Professor of Ophthalmology and Bioengineering at
Oregon Health and Sciences UnlverS|ty
ARG echanom Mk posible two-dimers - o

nique it is possible to perform noninvasive _ integrated Gircuits (9),

Fig. 19
(Fig. 19) The person on the right is David as an MD, PhD student, This photo was taken at
an optics conference with collaborators from Italy. David demonstrated the first OCT images
in the retina and the coronary artery. He is now Professor of Ophthalmology and Bioengineering

at the Oregon Health and Sciences University.
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Fig. 20
(Fig. 20) There were also people involved. Dr. Joel Schuman was a Glaucoma Fellow at the
Massachusetts Eye and Ear Infirmary, Harvard Medical School, and did early studies imaging
cow eyes, bovine eyes, as well as human cadaver eyes. Joel is now Professor of Ophthalmology,

Vice-chair for Research and Innovation at the Wills Eye Hospital.

Coronary Artery  20m

Log
Reflection

Fig. 21

(Fig. 21) So, these are examples of the first OCT images in retina and also in the coronary

artery. By coincidence these became the leading medical applications for this technology.
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Device for measuring light wave of a reflected image

(19) Japanese Patent Office
(12) Official Gazette for Patent A pplication (

(1i) Kokoku No. 6-3554%

(24)(44) Kokoku Date May 11, 1954

SHImQAS Idensification Symbol
GOIN 21/27

Number of claims 9 (9 p
(21) Application Filing No. 2-300169
ication Filing date

(2) A

(65) i No.

(43) Kokai Publication Date

(71) Applicant Tanno, Naohiro  PFOf. Naohiro Tanno
15-27 Matsumi-cho, Yamagata city, Yamagata

(71) Applicant Ichimura, Tsutomu R
1-1-20-301 Mukaiyama, Taihaku-ku, Sendai city,
Miyagi
(71)Applicant Saeki, Akio )
3-9-2 Mukaiyama, Taihaku-ku, Sendai city, Miyagi
(72) Inventor Tanno, Naohiro
15-27 Matsumi-cho, Yamagata city, Yamagata

Fig. 22
(Fig. 22) In parallel with this, there was work in Japan by Professor Naohiro Tanno. This
shows a patent, “Device for measuring the light wave of a reflected image”. He also proposed

the concept of using interferometry for precision measurement and for imaging.

Engineering, Medicine, and Industry

Fig. 23

(Fig. 23) So, let’s consider how advances in engineering translated to medicine and industry.

13



Applied Science and Engineering (ca 1993)

Eric Swanson
Formerly: MIT Lincoln Laboratories

The first OCT system

Fig. 24

Applied Science and Engineering (ca 1993)

Eric Swanson

Formerly: MIT Lincoln Laboratories Imaging speed increased from
minutes to seconds

Patient interface design
Software control

Fig. 25-1

Applied Science and Engineering (ca 1993)

Eric Swanson Co-Founded the first two OCT companies: i :
Advanced Ophthalmic Devices andLightLab Imaging St speed increased from

=% = utes to seconds
He also co-founded telecommunications companies:

Sycamore Networks and Acacia Communications which SubGEIERIEISI L
went public with multi-billion dollar market caps are control

Fig. 25-2

(Fig. 24 and 25) We were very fortunate to collaborate with Eric Swanson. Eric was a specialist

14



in optical communication and in particular satellite communication at MIT Lincoln Laboratories.
This is his photo here. This is the first OCT system, which was quite large (Fig. 24) . Eric took
this system, increased the imaging speed by a hundredfold, and developed a patient interface
as well as software control. Eric was a co-founder of the first two OCT companies, Advanced
Ophthalmic Devices and LightLab Imaging in ophthalmology and cardiology. But it’s also
interesting to note that he co-founded telecommunications companies, Sycamore Networks
and Acacia Communications; these both went public with multi-billion-dollar market caps.

I can’t say that about OCT, telecom is certainly a much larger market.

Ophthalmic OCT Imaging System

Fiber-Optic

Interferometer Scanning
Low Coherence b Reforoncs

Light Source Mirror

Transverse
Detector 4\ Scanning
§ N

Electronics Ocular
Lens

Viewing
Objective

Retinal
Image Plane

E. Swanson, et al Opt Lett (1993)

Fig. 26-1

Ophthalmic OCT Imaging System
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Low Coherence Reference
ight Source Mirror

Early OCT instruments used interferometry with
mechanical reference path scanning, fiber optics,

and light sources from optical fiber gyroscope
technology

Viewing
Objective Beamsplitter
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E. Swanson, et al Opt Lett (1993)

Fig. 26-2
(Fig. 26) So, if we think about the technology, this is the system, a fiber-optic interferometer,
shown schematically here. But one of the concepts is that this technology also used reference
path scanning, mechanical beam scanning, fiber optics, and light sources from optical fiber

gyroscope technology.

15



Retinal Fundus Image

Fig. 27

OCT Image - Fovea to Optic Nerve

Vitreous
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Ml Log Reflection

Hee, et al Archives Ophthalmology 113 (1995)

Fig. 28
(Fig. 27 and 28) This is a view of the retina from the pupil of the eye that an ophthalmologist
would typically see. We can scan the OCT beam from the fovea to the optic nerve head,
(Fig. 27) and we can generate a cross-sectional image through the retina (Fig. 28) . We see
the retinal fiber layer and there are various layers of the retina, into the subretinal space.

This would be an example of an early OCT image.

16



MIT OCT instrument at New England Eye Center (Early 1990’s)

Fig. 29
(Fig. 29) Here is a video of the instrument that was used at the New England Eye Center
in the 1990s, scanning the beam on the retina, generating a cross-sectional image. This was

controlled using a Macintosh, one of the early personal computers.

OCT Research Team ca 1995

Joseph lzatt, PhD
Fitzpatrick Professor of Engineering

Duke University Michael Hee, MD, PhD
Pacific Eye Specialists

Fig. 30

(Fig. 30) The research team at that time consisted of Joseph Izatt, who was a postdoctoral

associate, he later went on to become Professor of Biomedical Engineering at Duke University;
and Michael Hee, who was an MD PhD student who later went on to private practice. Working

with our collaborators, this team did the first studies on patients.

17



In Memoriam Professor Joseph lIzatt (1962 to 2024)

Michael J. Fitzpatric Professor of
Engineering, Chair Department of
Biomedical Engineering,
Duke University

Pioneer of Optical Coherence
Tomography

Intraoperative OCT

Co-Founder Bioptigen

Fig. 31
(Fig. 31) And I wanted to take a moment. We recently lost Joe Izatt. This I think was a
tremendous loss to the field. Joe was Fitzpatrick Professor of Engineering, Chair of the
Department of Biomedical Engineering at Duke University. He pioneered OCT, but also developed
intraoperative techniques and many advances in the field. He was a co-founder of the company

Bioptigen which was acquired by Leica. Bioptigen developed the first interoperative OCT.

Early Clinical Studies (ca 1995)

1995-2000 Studies in 5000 patients
First OCT investigations of
« diabetic retinopathy

d macular degeneration

“ eglaucoma

Carmen Puliafito, MD

Imaging of Macular Diseases with
Optical Coherence Tomography

Carmen A. Puliafito, MD,' Michael R. Hee, MS,? Charles P. Lin, PhD,!
Elias Reichel, MD,' Joel S. Schuman, MD," Jay S. Duker, MD,!
Joseph A. Izatt, PhD,? Eric A. Swanson, MS,” James G. Fujimoto, PhD?

Fig. 32
(Fig. 32) The early clinical OCT studies were led by Carmen Puliafito, a retina specialist.

the first studies in over 5000 patients, you see examples here, macular diseases using OCT.

18



Early Clinical Studies (ca 1995)

First studies of OCT in glaucoma ™™

* NFL measurement

* Progression
* Response to therapy

Joel Schuman, MD

Archives of Ophthalmology 113, (1995)

— oo

Quantification of Nerve Fiber Layer Thickness W % @ % Do i e 0 B w0 a w|
in Normal and Glaucomatous Eyes Using e o s hd -
Optical Coherence Tomography

A Pilot Study

Joel S. Schuman, MD; Michael R. Hee, MS; Carmen A. Puliafito, MD; Carlton Wong, MS; Tamar Pedut-Kloizman, MD;
Charles P. Lin, PhD; Ellen Hertzmark, MS; Joseph A. Izatt, PhD; Eric A. Swanson, MS; James G. Fujimoto, PhD

Fig. 33
(Fig. 33) Glaucoma studies were led by Joel Schuman. These studies pointed out that one
could measure the nerve fiber layer quantitatively and to assess the progression of glaucoma

and the response to therapy.

Clinical Atlas of OCT (1995)

OCT of Ocular Diseases
« 374 pages

« OCT, color fundus
photography, FA, ICGA of Optical Coherence
Tomography

ocular disease 3k > R
Guided the interpretation of || mu.?h“ﬁ‘.‘.‘&{%g‘m Y of Ocular Diseases

OCT as a new modality

FOURTH EDITION

OCT Of Ocular Diseases
Fourth Edition

* Published 2021

« 592 pages

Fig. 34
(Fig. 34) In order to have acceptance in the clinical community it was necessary to develop
training, so the Clinical Atlas of OCT was created. This showed the correspondence between
these images and standard ophthalmic diagnostics at that time, guiding the interpretation of OCT.
This shows a later edition, the fourth edition, and it continues to be a reference for the clinical

community today.
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Industry Investment in OCT (ca 1994)

T

John Moore Jay Wei, PhD
President OCT Program Manager,
Humphrey / Zeiss Director Advanced Development
Humphrey / Zeiss
Founder / CEO Optovue

Fig. 35
(Fig. 35) ButIthink one of the most important advances was industry investment. I especially
wanted to mention John Moore, who was the president of Humphrey / Zeiss. I think Mr. Moore
had tremendous courage and vision. He invested in this technology, although there was no
precedent for its use in ophthalmology. The lead designer was Dr. Jay Wei; he was program
manager and director of advanced development. He later went on to found an independent

company, Optovue, which led many advances in ophthalmic OCT.

20



Development of OCT in Ophthalmology

OCT1 (1996)

OCT2 (2000)

Stratus OCT3 (2002)

Fig. 36

Zeiss
Stratus OCT

Third Generation
(2002)

[

Fig. 37
(Fig. 36 and 37) Jay Wei led development of the first three instruments at Zeiss, OCT 1, 2
and 3. The Stratus OCT, was the third generation, in 2002. (Fig. 37) Here you see a video

demonstrating the Stratus. showing alignment to the patient. One can perform multiple
examination protocols as you see here, selection of the exam protocol, aligning through the
pupil and then scanning to acquire data. This shows an acquisition protocol, different radially

oriented cross-sections to measure retinal thickness.
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OCT Imaging in Ophthalmology

MIT Prototype, Humphrey OCT1 and OCT2 (1994, 1996 and 2001)

Hee, et al, Archives of Ophthalmology 113, 325 (1995)

Stratus OCT3 (2002) 4x higher speed / pixel density

Fig. 38
(Fig. 38) We can look at early images, this is the MIT prototype and the first two Humphrey /
Zeiss instruments. The Stratus was higher speed, 4 times faster speed. This improved the
image perception, although the resolution actually was the same. So higher pixel density

Improves image quality.

Development of OCT in Ophthalmology

1991 Demonstration of OCT in vitro

1993 First in vivo images of the retina

1994 Technology transfer to Humphrey Instruments

1995 Clinical studies (glaucoma, AMD, diabetic retinopathy)
1996 Commercial ophthalmic QCT device introduced

1999 Approximate

2000 2nd generation ophtha OCT instrument

2001 Approximately 400 units sold

2002 3rd generation StratusOCT

2005 OCT becoming a s of care Anti-VEGF
2006 Approximatelystems sold treatment for
2006 Multiple companies enter ophthalmic OCT market AMD
2008 More than 10,000 instruments sold

Fig. 39
(Fig. 39) If we look the development of OCT in ophthalmology, the first demonstrations in
vivo were 1991; it was actually commercialized very quickly, 1996. But if we look at the uptake,
this is very disturbing. So, 180 units sold in 1999, 400 units in 2001, five years on the market.
This is considered an extremely slow uptake. Only with the development of therapy, anti-VEGEF,
anti-vascular endothelial growth factor therapy for age-related macular degeneration; at that

point we saw broad clinical acceptance.
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Anti-VEGF Therapy of Neovascular Age Related Macular Degeneration (AMD)

The NEW ENGLAND
JOURNAL o MEDICINE

ESTABLISHED IN 1812 OCTOBER 5, 2006 VOL.355 NO.14

Philip Rosenfeld, MD, PhD Ranibizumab for Neovascular Age-Related

Bascom Palmer Eye Institute Macular Degeneration

Philip J. Rosenfeld, M.D., Ph.D., David M. Brown, M.D., Jeffrey S. Heier, M.D., David S
Peter K. Kaiser, M.D., Carol Y. Chung, Ph.D., and Robert Y. Kim, M.D., for the MA

+ Anti-Vascular Endothelial Growth Factor (Anti-VEGF) revolutionized the treatment
of neovascular AMD
» The need for personalized dosing drove the clinical adoption of OCT

“Lessons Learned From Avastin and OCT-The Great, the Good, the Bad, and the Ugly”,
The Jackson Memorial Lecture, American Journal of Ophthalmology (2019)

Fig. 40-1

Anti-VEGF Therapy of Neovascular Age Related Macular Degeneration (AMD)

Philip Rosenfeld, MD, PhD
Bascom Palmer Eye Institute

« Anti-Vascular Endothelial Growth Factor (AntiVEGF) revolutionized the treatment
of neovascular AMD
+ The need for personalized dosing drove the clinical adoption of OCT

“Lessons Learned From Avastin and OCT-The Great, the Good, the Bad, and the Ugly”,
The Jackson Memorial Lecture, American Journal of Ophthalmology (2019)

Fig. 40-2
(Fig. 40) I especially wanted to acknowledge Dr. Philip Rosenfeld, who was a pioneer of
anti-VEGF therapy for neovascular age-related macular degeneration. This was a profound
advance, because before this, patients would rapidly lose vision. And at the same time, it drove
the need for using OCT for personalizing the dosing. If we look at an example of acuity plotted
here versus months, this was a randomized trial, treated patients preserved visual acuity and
even recovered partial acuity, but patients that were treated with a placebo or sham, had a

very rapid loss of vision.
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OCT Identifies VEGF-Induced Exudate:
OCT is a VEGF-Meter

OCT image through central macula

E Horizontal

VA: 20/100

VEGF Induced macular fluid
* Intra-retinal fluid
* Sub-retinal fluid
» Sub-RPE fluid (Pigment Epithelial Detachment)

Courtesy P. Rosenfeld and C. Puliafito

Fig. 41

OCT Identifies VEGF-Induced Exudate:
OCT is a VEGF-Meter

E Horizontal

VA: 20/100

Anti-VEGF Therapy:
1 month post-injection

VA: 20/40

Courtesy P. Rosenfeld and C. Puliafito

Fig. 42
(Fig. 41 and 42) This was a profound advance (Fig. 41) and at the same time drove the
adoption of OCT. If we look here, we can see visual acuity 20/100, this shows examples of
exudative AMD with sub-retinal fluid, intra-retinal fluid, pigment epithelial detachment,
which are all markers of exudative AMD. (Fig. 42) When the patient is treated with anti-VEGF
injection, we see normalization of the retinal structure in the cross-sectional images.

OCT shows treatment response and we also have recovery of visual acuity.
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Fig. 44

(Fig. 43 and 44) With advances in treatment, we started to see wider-spread acceptance.
In 2005, the American Academy of Ophthalmology chose OCT as its logo. (Fig. 44) And then

in 2006 we saw multiple companies introducing OCT instruments in the ophthalmic market.
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Economic impact of OCT and antiangiogenic therapy
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Fig. 45-1

Economic impact of OCT and antiangiogenic therapy
American Journal of Ophthalmology (2018)

Estimating Public and Patient Savings From Basic ~ ®
Research—A Study of Optical Coherence
Tomography in Managing Antiangiogenic

Therapy

MATTHEW A. WINDSOR, SISSI J.J. SUN, KEVIN D. FRICK, ERIC A. SWANSON, PHILIP J. ROSENFELD, AND
DAVID HUANG

From 2008 to 2015, the United States government and neovascular
AMD patients have accrued anestimated savings of $9.0 billion and
$2.2 billion, respectively, from the use of OCT to guide personalized

anti-VEGF treatment.

Windsor, et al, American J. Ophthalmology (2018)

Fig. 45-2
(Fig. 45) The economic impact of OCT was investigated in a study led by Matt Windsor and
Phil Rosenfeld. Here you see Estimated Public and Patient Savings from Basic Research.
Over a 7 year period of time, the US government saved an estimated $9 billion, patients saved

$2.2 billion from the use of OCT to guide personalization of the treatment for AMD.
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Advances in Sensitivity and Speed
Enable Volumetric Imaging

Fig. 46
(Fig. 46) In parallel with these advances, we also saw technology improvements, advances
in sensitivity and speed, which dramatically increased the amount of information that

became available.

Advances in Imaging Speed
Spectral / Fourier Domain OCT (SD-OCT)

Trade off between sensitivity vs speed and resolution
(data rate)

“Spectral / Fourier domain” detection enables
dramatic improvements in sensitivity

~20 dB (100x) increase in sensitivity

>50-100 times faster than first generation time domain
OCT and higher resolution

Fig. 47
(Fig. 47) “Spectral or Fourier Domain” detection solved a trade-off in sensitivity, speed and
resolution. This technology increased the sensitivity by 100 times, 20 dB, and in parallel it

enabled a much faster imaging speed, 50 to 100 times faster, than the first-generation technology.
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Spectral / Fourier Domain OCT
Increased Speed and Functionality

1995 - Measurement of intraocular distances

2002 - OCT Imaging of retina and anterior chamber in vivo
- M. Wojtkowski et al., JBO 7, 457-463 Copernicus University, Poland
2003 - Demonstration of sensitivity advantage

- R. Leitgeb Opt. Express 11, 889-894
- J. De Boer Opt. Letters 28, 2067-2069
- M. Choma Opt. Express 11, 2183-2189

2003 - High speed OCT imaging of retina in vivo
- M. Wojtkowski et al., Opt. Letters 28, 1745-1747
- N.A. Nassif et al., Opt. Express 12, 36-376
2004 - High resolution and high speed ophthalmic OCT imaging

- R. Leitgeb et al., Opt. Express 12, 2156-2165
- B. Cense et al., Opt. Express 12, 2435-2447
- M. Wojtkowski et al., Opt. Express 12, 2404-2422

Fig. 48
(Fig. 48) It’s interesting that this technology also had a long history. In 1995, the group
from the Medical University of Vienna proposed these concepts and then in 2002 the first
demonstration was performed at the Copernicus University in Poland. After that, multiple

groups demonstrated sensitivity and speed advantages, including our group.

Spectral Domain OCT - high speed imaging

50 frames/sec acquisition rate

24 kHz axial scan rate

2.7 um axial resolution

60 MHz camera read rate

480 x 1024 pixels; 3 mm x 0.8 mm

Fig. 49
(Fig. 49) This video shows an example. If you compare this to the earlier examples, this is
at a video rate of 50 frames per second, imaging repeatedly near the optic nerve head, retinal

nerve fiber layer and the vasculature.
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Spectral / Fourier Domain OCT (SD-OCT)

SFL6/BK7 Density
Glass block _Filter

Fiber Coupler :]]
20/80 rence
Mirror

Spectrometer
+CCD camera
Biomicroscope

| .

Ocular

Advanced
signal
processing

Dichroic H
Mirror Image
Plane

Fig. 50-1

Spectral / Fourier Domain OCT (SD-OCT)

SFL6/BK7 Density
Glass block Filter

Light

SD-OCT encodes distance information in the
spectral domain similar to MRI

SD-OCT technology uses spectrometers,
high speed cameras and computation

5|gna! it Mirror Image
processing § Plane

Fig. 50-2
(Fig. 50) This shows the schematic of the system. A light source, spectrometer and camera,
reference path, beam scanning in the patient interface and computation. Spectral domain
essentially encodes the information on distance in a spectrum, similar to the way that
magnetic resonance imaging works. The technology is based on spectrometers, high-speed

detectors, cameras and computation.
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Optovue Spectral Domain OCT - high speed imaging

Fig. 51
(Fig. 51) This video shows an example of the Optovue instrument. You can see the extremely

rapid image acquisition compared to the previous examples that we saw. It’'s possible to

acquire a data volume by sequentially scanning cross-sections. You see this here.

Raster Scanned Volume and En Face OCT

Increases in imaging
speed enabled 3D
volumetric / cube data

Registration of cross
sectional B-scans to
fundus features

En face fundus image
reconstructed from
3D OCT data

Fig. 52
(Fig. 52) And then the data volume can be rendered or summed in the depth direction to generate

an image that corresponds to the image of the retina that we would see ophthalmoscopically.
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SD-OCT - Raster scanned retinal volume

TEMPORAL

EYE:0S
11/10/2004 SOCT ID: SHR-717 NAME:

Precise and Reproducible registration of OCT images to retinal features

Fig. 53
(Fig. 53) It’s possible to extract cross-sections from this volume that are precisely registered

to a location on the retina.

Mapping Structural Alterations of the Retina

3D volumes enable

Mapping retinal layer 5 4 r iy | e A s T 199 um
thickness and focal s =y 7
pathologies

CFT: 239 um
Vol: 9.2 mm?

Longitudinal
measurements
across multiple

patient visits

Londitudinal Follow Up

Monitoring disease
progression and
treatment response

CFT: 187

Zeiss | Bascom Palmer Gregori, Rosenfeld, et al Ophthalmology (2011)

Fig. 54
(Fig. 54) This is very powerful because it means that you can, over multiple patient visits,
assess extremely small changes, and this can be done quantitatively. The ability to quantitate
changes over time is extremely important for measuring progression of disease and treatment

response as well as for pharmaceutical development.
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Optovue

Fig. 55
(Fig. 55) In this case we have a volume representation of the retina which can be separated
into different layers. So we can see sub-surface below the retina, or separately see different
layers in the transparent retina. This comes back exactly to what Michel Duguay proposed in

1971, that you could see subsurface image information.

3D OCT retinal imaging — cross sections and depth slices

Fig. 56

(Fig. 56) This video shows cross-sectional images and then sequential en face or flattened

images of the retina, going from the retina into the subretinal space to see the vasculature

below the retina.
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Fluorescein Angiography
Many retinal diseases such as diabetic retinopathy involve alterations
to retinal vasculature.
Fluorescein angiography - the classic technique for imaging retinal
vasculature - involves injecting a fluorescent dye.

Vessels of the retina
are photographed before and
after dye is injected

i

Special dye is
injected

Examination is time consuming and some patients have allergic reactions
to the fluorescent dye.

Fig. 57
(Fig. 57) One of the other major advances was the ability to see blood vessels or vasculature.
Many retinal diseases, such as diabetic retinopathy, change the retinal vasculature. The classic
method to see vasculature is to inject dye and then acquire a florescence image of the retina,
so-called fluorescein angiography. Here is an example of this type of image. The issue with
fluorescein angiography is that it is a time-consuming exam and some patients have allergic

reactions to the contrast agent.

OCT Angiography (OCTA)

Optical coherence tomography angiography (OCT) uses repeated
imaging to detect motion contrast from flowing blood

Generates 3D images of retinal and subretinal microvasculature

No dye injection required — Faster than Fluorescein Angiography,
easier for patients, and no risk of allergic reaction

Can be performed on every patient visit, enabling studies of disease
progression and response to therapy

Images are sharp, not obscured by dye leakage

Requires higher OCT imaging speeds

Generates extremely large data sets

Fig. 58
(Fig. 58) OCT can image vasculature by detecting motion contrast from the moving blood
cells. OCT Angiography generates volumetric images which are depth resolved and does not
require dye injection. Therefore, it can be performed on every patient visit, where we would
normally not have this information available. The images are sharp and they are not obscured
by dye leakage. But OCTA requires extremely high imaging speeds and the amount of data

that it generates becomes larger and larger.
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OCT Angiography (OCTA)

Makita, S., Hong, Y., Yamanari, M., Yatagai, T., Yasuno, Y. Optical coherence angiography.
Opt Express 14, (2006)

Nang. R.K.. H Va i erebro-va a erf i i ice with skin a
skull intact by Optical Micro-AngioGraphy at 1.3 um wavelength. Opt Express 15, (2007)
An, L., Wang, R.K,, In vivo volumetric imaging of vascular perfusion within human retina

and choroids with optical micro-angiography. Opt Express 16, (2008)

Mariampillai, A., et al, Speckle variance detection of microvasculature using swept-
source optical coherence tomography. Opt Lett 33, (2008).

Fingler, J., Zawadzki, R.J., Werner, J.S., Schwartz, D., Fraser, S.E., Volumetric
microvascular imaging of human retina using optical coherence tomography with a
novel motion contrast technique. Opt Express 17, (2009)

J. Enfield, E. Jonathan, and M. Leahy, “In vivo imaging of the microcirculation of the
volar forearm using correlation mapping optical coherence tomography (cmOCT),”
Biomed. Opt. Express 2, (2011)

Jia, Y., .... Huang, D. Split-spectrum amplitude-decorrelation angiography with optical
coherence tomography. Opt Express 20, (2012)

Fig. 59
(Fig. 59) This advance also has a long history. Some of the earliest work was done here in Japan
by Professor Yasuno’s group, and multiple international groups worked on this. Then around

2012 we started to see adoption of this technique.

Generating an OCTA Image

* In OCTA, repeated B-scans are rapidly acquired at the same

retinal location
OCT B,
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Generating an OCTA Image

Flowing blood
cells move

successive scans
(Ad = s - At)

Flowing blood
cells move
between
successive scans
(Ad = s Wt)

This displacement
causes the OCT ¢
signal to change

Flowing blood
cells move
between
successive scans
(Ad = s W)

This displacement
causes the OCT
signal teBehange

The change in
OCT signal
change is
displayed as the
OCTA image

Fig. 63

(Fig. 60—63) Essentially what’s happening is, multiple cross sectio nal images are acquired,
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separated by time Fig. 60. If there are moving blood cells (Fig. 61) we can detect them as
differences between these images. (Fig. 62) So at one particular time if we look later the
blood cells have displaced and we can see a change in the OCT image, by taking a difference

or decorrelation (Fig. 63) . This will highlight the moving blood cells.

Normal Retinal Vasculature

Capillary plexuses
33 yo normal subject
3mm x 3mm

Fig. 64
(Fig. 64) We can separate the normal retinal vasculature into the different layers or

plexuses, the superficial, intermediate and deep capillary plexuses.
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Proliferative Diabetic Retinopathy, 55 years old

Do O Rd 5o s A

3mm x 3mm field of view

Diabetes damages retinal capillaries —
capillary dropout, non-perfusion, microaneurysms

Retinal vascular injury is an indicator of
damage to other organs in the body

o

S S

3mm x 3mm field of view

Fig. 65-2
(Fig. 65) If we look at patients with diabetic retinopathy, we see pronounced changes of the
vasculature, which you can see here in this image. Diabetes damages the capillaries, causing
capillary drop-out, non-perfusion, microaneurysms; and the retina is an indicator of the

damage vasculature that is occurring in all organs of the body.
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Diabetics with retinopathy have changes in vasculature

T2DM 18yrs, 60yo T2DM 44yrs, 63yo T2DM 2yrs, 68yo

s

Fig. 66
(Fig. 66) This provides a way to assess progression of diabetic injury. Even in patients with
diabetes without retinopathy we see these changes, loss of retinal vasculature, subretinal
vasculature as well. So this says diabetes is a progressive disease with progressive injury to

the vasculature.

Commercial Ophthalmic OCT Angiography

Optovue
AngioVue

Introduced
2014

Analytics
O Nore

O Fow
O Non-Flow
@ Density

®  superficial

®  Deep

@ Ful

[ Edit Segmentations

==

30 x 30 scan size (mm) Signal Strength 71

Fig. 67
(Fig. 67) Octovue commercialized OCT angiography, introduced in 2014. This shows an

example of their examination report. I'll show a video of their instrument.
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Commercial OCT Angiography

OCTA

new, non-invasive
approach to
visualizing retinal
vasculature

Outer Retina Zone

Branch Retinal Vein Occlusior
mages courtesy of Pravin Dugel, M.D

Fig. 68
(Fig. 68) “At Optovue our vision is to offer advanced eye care technology to patients around
the world by expanding the frontiers of OCT innovation. Optical Coherence Tomography
Angiography, or OCTA, is a new non-invasive approach to visualizing retinal vasculature that
1s transforming the way physicians see the vessels of the retina and cornea. With the
collaboration of industry-leading ophthalmic specialists, Optovue pioneered the technology
that makes OCTA a clinical reality today.” I apologize for showing commercial videos, but I

think it conveys very nicely the concepts and the advance it enabled for the clinical community.
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OCT nglography (2015 - present)

d OCT Angi h
PN s) Optical CONErence | clc e amicue Sudes

Tomography Angiog
of the Eye

- Darrin A. Landry, CRA, OCT-C
SR G Amir H. Kashani, MD, PhD
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Tomography Angioy

OCT Angiography accelerated understanding of
disease pathogenesis and provided new markers for
measurlng progression and treatment response

Darrin A. Landry, CRA, OCT-C
S G Amir H. Kashani, MD, PhD

Fig. 69-2
(Fig. 69) The development of OCT Angiography advanced the fundamental understanding
of disease, because it provided information that was not previously possible. Here you see
multiple editions of atlases on OCT Angiography. This contributed to the understanding of

pathogenesis, and provided new markers for progression and treatment response.
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Advanced Photonics Technologies
Increased Performance and Functionality

Fig. 70
(Fig. 70) There are additional advances from photonic technology that improved performance

and functionality.

High Speed OCT using Frequency Swept Lasers

“Swept Source / Fourier domain” (SS-OCT) enables further
improvements in speed and sensitivi

>1000x faster than first generation OCT

No spectrometer or line scan camera required

Can image at 1050 nm and 1300 nm wavelengths

Used in almost all other OCT applications outside of
ophthalmology

Requires high performance frequency swept lasers

Potential for photonic integration and low cost

Fig. 71
(Fig. 71) There is an even faster method, called Swept Source OCT, which is a thousand
times faster than the first generation technology. This technology is actually used in all other
applications outside of ophthalmology, and it has the interesting feature that it could potentially

be built using photonic integration to make very low-cost, high performance instruments.
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Swept Source OCT (SS-OCT)

1992 - Frequency swept lasers for OCT - Swanson, et al, US PT 5,321,501 (1992)
1995 - Intraocular distance measurement - A.F. Fercher et al, Opt. Com. (1995)
1997 - Experimental demonstration of swept source OCT

S. Chin, et al, Opt. Lett. (1997)

B. Golubovic, et al, Opt. Lett. (1997)
2003 - First experimental demonstration of high speed swept source OCT

S.H. Yun, et al, Opt. Express (2003)

S.H. Yun, et al, Opt. Lett. (2003)

2005 - High speed swept source OCT with ring fiber laser
M.A. Choma, et al, J. Biomed. Opt. (2005)
R. Huber, et al, Opt. Express (2005)
Y. Yasuno, et al, Opt. Express (2005)

2006 - High speed - Fourier domain modelocked laser (FDML)
R. Huber, et al, Opt. Express (2006)

Fig. 72
(Fig. 72) Again, this has a long history, starting in 1992 and then resulting in demonstrations

of high-speed imaging more than a decade later.
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Schematic of Ultrahigh Speed Swept Source OCT

BPD: balanced photodetectors; DC: dispersion compensation; GS: galvanometer scanners; ISO: optical
isolator; MZI: MachZehnder interferometer; NC: not connected; PC: polarization controller; PIU: patient
interface unit; SL: scan lens; VCSEL: verticatavity surface-emitting laser

Fig. 73-1

Schematic of Ultrahigh Speed Swept Source OCT

P Swept Source OCT uses frequency swept lasers
adapted from optical communications, high

speed digitization, signal processing and
computation

BPD: balanced photodetectors; DC: dispersion compensation; GS: galvanometer scanners; ISO: optical
isolator; MZI: Mach-Zehnder interferometer; NC: not connected; PC: polarization controller; PIU: patient
interface unit; SL: scan lens; VCSEL: vertical-cavity surface-emitting laser

Fig. 73-2
(Fig. 73) If we look at the systems, these are becoming progressively more and more
complicated, with multiple interferometers, high speed detectors and so forth. This technology
1s using frequency swept lasers which are adapted from optical communications, high-speed

digitization, signal processing and increasing computational power.
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Wavelength-Tunable MEMS-VCSEL for SS-OCT

1310 nm
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range
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Fig. 74
(Fig. 74) This is an example of a light source that was developed for OCT, but it’s based on
a telecommunications light source, called the vertical cavity surface-emitting laser. This has the

potential for lower cost and scalable manufacturing and it achieves extremely high performance.

Wide Field-of-View
OCT Imaging

600 kHz A-scan rate
23mm x 23mm
Acquisition time 3.6 sec
800 A-scans / B-scan
800 B-scans

2 repeated B-Scan OCTA
Interscan time 2.2 ms

Flythrough is 2x
slower
than acquisition speed

Fig. 75
(Fig. 75) Here you see an example. Wide field-of-view retinal imaging, which can generate
detailed cross-sectional images. More and more information is acquired rapidly, this video is

actually slowed-down by a factor of 2.
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Wide Field OCT - Single Cross section

. Collab ti ith T 24mmx14mm. Scan time 3.5 sec
ollaboration wi opcon A scan rate: 600kHz, 2800 A scans/ B scan. 200 B scans.
Interscan time 5.8ms. 3 repetitions per B Scan

Fig. 76

(Fig. 76) We can generate extremely detailed cross-sectional images of the retina.

23mmx23mm. Scan time 10.8 sec
00 Ascans/ B scan. 1200 B scans

Wide Field en face OCT » ; A scan rate: 600kHz

Interscan time 5.8ms
epetitions per B Scan

Depth resolved en face OCT
provides information not available
from SLO

RPE flattened B scan

Enface
projection
range

Subject: 25 y.0. Male

Fig. 77

23mmx23mm. Scan time 10.8 sec

. . 00 A scans/ B scan. 1200 B scans

Wide Field en face OCT / G o o

/  Interscan time 5.8ms

’r‘ 3 repetitions per B Scan
Lai

Depth resolved en face OCT s ‘ |
provides information not available N
from SLO

Enface
projection
range

from ILM

Subject: 25 y.0. Male to 90pm above
RPE

Fig. 78
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23mmx23mm. Scan time 10.8 sec
0.A scans/ B scan. 1200 B scans

Wide Field en face OCT A OSNRNNIE e o cone

jelitions per B Scan

Depth resolved en face OCT
provides information not available

RPE flattened B scan

Enface
projection
range

atS
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Subject: 25 y.0. Male s § § to 120 um below RPE

Fig. 79

23mmx23mm. Scan time 10.8 sec
;:ans/ B scan. 1200 B scans

Wide Field en face OCT N\ BN - <o rote: 600Kz
y %pterscan time 5.8ms
3 4 i i@ﬂﬁetiﬁons per B Scan
Depth resolved en face OCT 4
provides information not available
from SLO

RPE flattened B scan

Enface
projection
range

120 pm below RPE

Subject: 25 y.0. Male

Fig. 80
(Fig. 77—80) We can render a volume, this is the entire volume, shown here (Fig. 77) and
then different layers in the retina. (Fig. 78> You can see the subretinal space and (Fig. 79)
then even deeper you see the vasculature (Fig. 80) which is normally hidden by the pigment

epithelium below the retina.
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Wide Field OCTA Lo recan time 5.8ms

« Wide field OCTA can identify regions of ok S filERens per B Scan
interest
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Small field*
75 enface OCTA R
A - = Wide-field enface
R 4.5 mm x 4.5 mm. K 5 i
ShliEgt 25ye el 600 A scans / B scan. 600 B scans. 4 %

Fig. 81
(Fig. 81) And we can also perform wide-field OCT angiography, and then by zooming in on
particular regions we can see detailed vascular structure. All of this becomes possible if we

have faster and faster acquisition speeds with more data.

High definition OCTA resolves 3D capillary connectivity

A Graph

RNFLP [licP [l inter-
Wscp pcp Plexus

Fig. 82
(Fig. 82) We can resolve the connectivity of the capillaries from the different layers; these

represent the connections of vascular flow between the plexuses.
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High Speed Long Range SS-OCT
for Anterior Eye Biometry (325 kHz, 10 mm depth)

r' b fa N =)
) 4 b b

1mm|

S Chen, B Potsaid, Y Li, J Lin, Y Hwang, EM Moult, J Zhang, D Huang, JG Fujimoto, “High Speed, Long Range, Deep
Penetration SS-OCT for Structural and Angiographic Imaging of the Anterior Eye”, Scientific Reports (2021).

Fig. 83

(Fig. 83) We can do long-range imaging, imaging the anterior of the eye, from cornea to the lens.

Large Field-of-View
25 mm x 25 mm SS-OCT Imaging

1000%1000 A-scans
~4 s acquisition

Fig. 84
(Fig. 84) And you can do volumetric imaging like this three-dimensional volume. This is
relevant if you're performing cataract surgery. You need precise measurement for calculation

of the intraocular lens power for cataract surgery.
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The Future of Ophthalmic OCT

Impact on Public Health

Fig. 85
(Fig. 85) If we think about applications in the future, there’s the potential for an impact on
public health.

Implementing
Healthcare from the Eye

Primary Eyecare

& A
Early Detection
=)
Increased Access ML,
A

Enhance Equity @@
Decreased Cost @

(=] # TOPCON Healthcare

Z§) Interoperable Data Sets

Primary
Care

Topcon Harmony

q

Fig. 86
(Fig. 86) T’ll describe an effort by Topcon, “Healthcare from the Eye”. The concept is that
one can use imaging and develop a comprehensive database which essentially links multiple
parties, primary care, specialist care and so forth, to enable early detection of disease, to
1improve outcomes and decrease healthcare cost.

I want to show a short segment from a promotional video that demonstrates the potential impact.
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Healthcare from the Eye

TOPCON Healthcare

Healthcare from the Eye™

Fig. 87
(Fig. 87) “Your health. At Topcon Healthcare, we are revolutionizing the delivery of healthcare
with Healthcare from the Eye. We see the eye as a window to the body; a way to transform
management of health and detection of human diseases with a simple scan. Harmony, powered
by Microsoft Azure, intelligently connects data and leverages Al for a real-time clinical

decision support, empowering delivery and scalability.”

Diabetes

* In 2021, 11.6% of the population (38.4 million people) in the
United States had diabetes.

» Diagnosed: 29.7 million people, including 29.4 million adults.

* Undiagnosed: 8.7 million people, which is 22.8% of adults
with diabetes.

* In 2021, 11.8% of the adult population in Japan had diabetes.

* 45.5% of people with diabetes are undiagnosed.

Fig. 88
(Fig. 88) Onme of the themes is health screening becomes possible because one can link
different interested parties and also do Al assessment of information.
Why is this important? If we think about diseases, such as diabetes, in the United States
about 11% of the population has diabetes, and a surprising number of people are undiagnosed;
22% of adults with diabetes are not diagnosed. There’s a similar percentage in Japan, and an
even higher percentage of people with diabetes are not diagnosed. So, without careful

management you have progressive injury to multiple organ systems in the body.
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Cardiovascular Disease Affects Nearly 50% of Adults in US

ona
1
n
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TIPRR  AARRRY
in 6 males and  in 7 females

in the United States are current smokers, based on 2016 data.

American Heart Association

Fig. 89
(Fig. 89) Another application is cardio-vascular disease. In the US this affects early half of
the adults, a hundred and sixteen million people. And it’s largely because people are not

getting enough exercise, they’re smoking and so forth.

Cardiovascular Disease
In the United States, approximately 128 million adults with
cardiovascular disease (CVD).
This is projected to increase to over 184 million by 2050.
CVD is a leading cause of death for both men and women.

In 2022, 702,880 people in the US died from heart disease,
which is one in every five deaths.

Cardiovascular disease (CVD) is a leading cause of death
in Japan, with more than 310,000 people dying from CVDs
annually.

Fig. 90
(Fig. 90) If we look at the aging population, this will become an increasingly important
problem. 184 million projected cases of cardiovascular disease by 2050. This is a leading cause
of mortality and it’s accounting for one in every five deaths in the US. In Japan, this is also a
leading cause of mortality.
Imagine if it was possible to predict risk of heart attack before you had a heart attack, or if it

was possible to predict a risk of stroke and then intervene to reduce the risk.
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OCT in Intravascular Imaging

Fig. 91

(Fig. 91) The other major application of OCT is intravascular imaging in cardiology.

OCT Imaging of Arterial Plaque and
Intravascular Imaging

» Cardiovascular disease is leading cause of
mortality in industrialized world

» Current imaging modalities
* Angiography — Xray with contrast agent
* Intravascular ultrasound (IVUS)

» Optical coherence tomography
* Identification of unstable plaque
» Guidance of interventional procedures
+ Studies of pathogenesis

Fig. 92
(Fig. 92) As we said, cardiovascular disease is a major cause of mortality. Imaging methods
like angiography or ultrasound are currently used, but OCT has the advantage of much higher

resolution, so it can identify the structure of the coronary arteries.
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Artery with Plaque

Fig. 93
(Fig. 93) The presence of plaque in the arteries, which we see here - this is ex vivo and there
1s a dye injected - you can see the extent of occlusion of the artery, of stenosis, which restricts

the perfusion.

Ischemia causes death of heart muscle

Fig. 94

(Fig. 94) If we have blockage of prefusion or ischemia, then death of the heart muscle and

a heart attack occurs. Depending on where this is, it can disrupt the conduction pathway of

the heart and cause sudden death.
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X ray Angiography assesses vessel occlusion
but not plaque morphology

Fig. 95

(Fig. 95) Xray angiography can see occlusions, but cannot see the structure of the coronary artery.

Atherosclerotic Plaque

Fig. 96

(Fig. 96) This is an example of plaque and a thrombus, a blood clot that causes sudden

blockage of the artery.
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Intravascular Ultrasound (IVUS)
Pre and post atherectomy

Fig. 97
(Fig. 97) If we use ultrasound, it’s possible to have deep image penetration, but it’s difficult

to resolve the morphology of the plaque.

OCT of Arterial Plaque

M. Brezinski, et al,
Circulation 93, 1206
(1996)

Fig. 98
(Fig. 98) OCT has the advantage that it has high resolution. If we look ex vivo, this shows
a plaque with a thin cap, called a thin cap fibroatheroma. This is an unstable plaque and it
has been attributed to sudden coronary death. I want to especially acknowledge Dr. Mark
Brezinski, MD, PhD from the Harvard Medical School. He proposed the use of OCT in
cardiology and the idea that OCT could see and treat unstable plaque. Dr. Brezinski led many

of the first studies in this area.
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OCT of unstable arterial plaque

M. Brezinski, et al,
Circulation, 93, 1206
(1996)

[T Reflectance

Fig. 99
(Fig. 99) This is another example of unstable plaque. There’s a lipid layer and a thin cap

here which is prone to rupture and could rapidly block the artery.

Fiber Optic Imaging Catheter 3.2F

transparent guard
SF fiber sheath

\

=
AAANNANNNANNNNANNNNNNNNNY

microprism

A \ANNAANNANNNNANNNNNNNNNNNN
 ———

speedometer cable silicone
GRIN lens sealant

Rotary torque cable with coaxial optical fiber and distal optics

Fiber optic probes enable endoscopic and catheter based
imaging of arteries or luminal organ systems

G. Tearney, et al, Science, 276, 2037 (1997)

Fig. 100
(Fig. 100) It’s possible to image arteries by designing fiber optic devices, shown schematically
and on a United States penny. This is a millimeter in diameter, and with this it’s possible to

image inside the body;
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OCT versus Intravascular Ultrasound

G. Tearney, Circulation 94, 3013 (1996)

Fig. 101
(Fig. 101) This is an example intravascular OCT image. This is ex vivo, but it compares OCT

to ultrasound and shows the improvement in resolution.

In Vivo OCT Imaging in Rabbit Aorta
Clot Formation and Plaque

C: Clot  P: Plaque

J. Fujimoto, et al, Heart (1999)

Fig. 102
(Fig. 102) The next step was animal studies. This shows a rabbit aorta. You can see the

1maging of the aorta in cross-section.
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Cardiac Catheterization

Brachial Artery.

Guiding Catheter

Introducer Sheath

Introducer Sheath
in the Groin or Arm

Fig. 103
(Fig. 103) To put this in a larger perspective, this is a procedure where the catheter is

advanced into the coronary artery.

Fig. 104

(Fig. 104) These procedures are done in a catheterization suite.
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First Intravascular OCT in Humans

« 10 patients, 42 coronary plaques
* OCT compared to IVUS

Massachusetts General Hospital Group —
I. K. Jang, B. Bouma .. G. Tearney, J. Am. Coll. Cardiol. 39 (2002)

Fig. 105
(Fig. 105) I especially wanted to acknowledge the group at the Massachusetts General
Hospital. I think they did a monumental experiment. The first intravascular OCT imaging in
humans was performed in South Korea by I.K. Jang. The study had ten patients, comparing

OCT imaging to intravascular ultrasound.

Development of Intravascular OCT

1996 - Vascular pathology ex vivo
- M. Brezinski, et al, Circulation
1996 — Catheter based OCT imaging of human coronary artery (ex vivo)
- G. Tearney, M. Brezinski, et al, Circulation
1997 - Endoscopic OCT (in vivo animal)
- G. Tearney, et al, Science
1997 - Comparison of OCT and IVUS (ex vivo)
- M. Brezinski, G. Tearney, et al, Heart
1999 - Intra-arterial imaging (in vivo rabbit)
- J. Fujimoto, S. Boppart, et al, Heart
2000 - Porcine coronary imaging in vivo by OCT
- G. Tearney, |.K. Jang, et al, Acta Cardiologica
2001 - Tissue prolapse between coronary stent struts OCT vs IVUS
- LK. Jang, G. Tearney, et al, Circulation
2002 - Athreosclerotic plaques in patients using OCT vs IVUS
- L.LK. Jang, B. Bouma, et al, J. Am. Coll. Cardiology

Fig. 106

(Fig. 106) If we look at the development, there are multiple milestones for intravascular OCT.
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OCT in Intravascular Imaging

™
>
—_— Optical Coherence Tomography

Fig. 107
(Fig. 107) We took the approach of developing this technology in a start-up company rather

than in academics. LightLabs Imaging was founded in a joint venture with Carl Zeiss.

Intravascular OCT using fiber optic catheters

Fig. 108

(Fig. 108) In this example, the catheter is advanced over a guidewire which you see here,

and then there is rapid imaging retracting the catheter and imaging plane, generating a

volumetric image over a region of the artery.
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High speed intravascular OCT imaging

Rapid Pullback

100 frames / second
50,000 axial scan/ sec
500 axial scans / frame

12-15 um axial resolution

Courtesy LightLab Imaging /
St. Jude

Fig. 109
(Fig. 109) This video shows the imaging speed which is possible.

3D OCT visualization of artery and stent

Courtesy
St. Jude
| Abbott

Fig. 111
(Fig. 110 and 111) Imaging over a region of the artery (Fig. 110) the data can be rendered.
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This shows the stent which is used to reopen the artery. (Fig. 111) We can use computational

methods to extract information on the stent and structure in general.

Pre-Intervention Imaging

03/16/2009 09:55:29
0097

Calcified +
Thrombus

Lipid

Fibrotic

>

Fig. 112
(Fig. 112) As an example, this shows assessing pathology and then guiding the intervention.
This is a cross-section of the artery and here we see a thrombus. In another example which shows

plaque, it’s possible to measure the thickness of the plaque. You can see measurements here.

Post-Intervention Imaging

03/16/2009 12:35:37
0110 (23 mm)

Well-Opposed

Malapposition

Edge
Dissection

>

Fig. 113
(Fig. 113) If we look after intervention, this is a stent that has been placed to reopen the
artery, so these are the wires, the shadowing of the stent is here, and we can see the stent should
be close to the artery wall, well-apposed; versus malapposed. There is separation here which

can regenerate a thrombus. These are examples of planning and guiding interventional treatment.
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Commercial Development of Intravascular OCT

2004 2007 2009 2011 2012

M2 System M3 System C7XR™ System ILUMIEN™ System ILUMIEN™ OPTIS™

First Commercial OCT 2™ Generation Europe and US only Commercially available 2011 Japan launch 2012
System 20 fps / 240 lines. 100 fps / 500 lines 100 fps / 54 mm pullback 180 fps/75 and 54 mm pullback
15 fps / 200 lines. Occlusion + flush Occlusion-free Combined FFR and OCT Advanced software tools for PCI
Occlusion + flush Wireless FFR Optimization

Tableside control from DOC

-

Occlusion balloon + ImageWire™ Occlusion-free Flush FFR and OCT System 2% Gen FFR and OCT System

L 11}
mem ST. JUDE MEDICAL
L1 1|

MORE CONTROL. LESS RISK

Fig. 114
(Fig. 114) If we look at commercialization, this involved multiple instruments going through

multiple iterations, with progressively higher performance and higher speed.

Commercialization of Intravascular OCT

1998 - Ligthlab was founded as joint venture with Zeiss

2002 - Lightlab cardiovascular IV-TD-OCT paper in October 2002.
First commercial OCT. MGH paper also in 2002.

2002 - LightLab acquired by Goodman, Ltd.
2004 - First commercial IV-OCT (TD-OCT) released by Lightllab

2007 - First commercial IV-SS-OCT demonstration by LightLab,
broadcast live at TCT and was in September 2007.

2009 - EU and Japan approval for LightLab IV-OCT.
2010 - LightLab acquired by St. Jude.

2010 - 510(k) from the Food & Drug Administration for
C7-XR imaging system and C7 Dragonfly imaging catheter.

2016 - St Jude (including LightLab) acquired by Abbot.

Fig. 115
(Fig. 115) And here we show a timetable; 1998 was the founding of Lightlab as a joint
venture with Carl Zeiss, and next the milestones; FDA approval and so forth. And ultimately,

I think one of the messages is, this was a slow process.
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Intravascular OCT CI_inicaI Trials

- ECS Congress September 2, 2024

European Society of Cardiology > The ESC > ESC Press Office > Press releases

Lancet 2024 Optical coherence torpoqraphy
outperforms conventional
angiography for stent quidance in
complex cases

Intravascular imaging-guided coronary drug-elt OCCUPI randomised trial finds optical coherence

implantation: an updated network meta-analys tomography significantly improves clinical outcomes

and enhances safety and effectiveness of coronary
Summary stenting
02 Sep 2024

Topic(s): Imaging;
pl Key take-aways
+ OCCUPI randomised trial finds optical coherence tomography (OCT) reduced the
e MEDLINI combined risk of cardiac death, heart attacks, stent thrombosis, and the need for

revascularisation by 38% compared to conventional angiography at 1 year follow-up.
« Results will likely change practice of percutaneous coronary intervention (PCI) with
drug-eluting stents for complex coronary lesions by providing strong support for the
superior benefits of OCT guidance over conventional angiography-guided PCI.

Fig. 116-1

ascular OCT CI_inicaI Trials

ECS Congress September 2, 2024

European Society of Cardiology > The ESC > ESC Press Office > Press releases

Optical coherence tomography
outperforms conventional
angiography for stent guidance in

OCT reduced the combined risk of cardiac death, heart
attacks, stent thrombosis and the need for
revascularization by 38% compared to conventional
angiography at 1 year.

« Results will likely change practice of percutaneous coronary intervention (PCI) with
drug-eluting stents for complex coronary lesions by providing strong support for the
superior benefits of OCT guidance over conventional angiography-guided PCI

Fig. 116-2

(Fig. 116) If we look at recent trials, Lancet 2024 had a metanalysis of OCT and other guidance.
Then this ECS report in September, I think is an impressive result, “OCT outperforms
conventional angiography for stent guidance in complex cases”, the OCCUPI randomized
clinical trial. This showed that OCT reduced the combined risk of cardiac death, heart attacks,
stent thrombosis and need for retreatment by 38% compared to angiography at a one-year
time point. This I think is a very powerful advance, but achieved relatively late after the
development and commercial introduction of this technology. Again, it shows that the timeline

is quite slow for new medical technologies.
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OCT Applications
Art Conservation
Metrology

Fig. 117
(Fig. 117) As an example of an application outside of medicine, I'll show art conservation

and metrology.

65



Arrest of Christ

Photograph of the painting

“Arrest of Christ” early Netherlandish panel painting
1520 AD by an anonymous artist.

Fig. 118

Arrest of Christ

Infrared reflectography

“Arrest of Christ” early Netherlandish panel painting
1520 AD by an anonymous artist.

Fig. 119
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(Fig. 118) This was a study done with the Harvard Art Museum. A photograph of the

painting - The Arrest of Christ, 1520. This is the painting and then you can do infrared photography

(Fig. 119) which will see below the surface, partially anyways, of the painting.
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OCT imaging of Arrest of Christ

Fig. 120
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OCT imaging of Arrest of Christ \

Full OCT en face image

Fig. 121
(Fig. 120 and 121) We can look here at a small region (Fig. 121) and do an OCT image.

This is a full projection OCT image over all depths.
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OCT imaging of Arrest of Christ

OCT en face image — varnish (shows reflections, aberrations)

D. Adler, et al Optics Letters
(2007).

e gy

OCT imaging of Arrest of Christ g

OCT en face image — paint layer (uniform scattering of NIR)

Fig. 123
(Fig. 122 and 123) We can look at the surface which shows the varnish on top of the painting
(Fig. 122) and we can progressively section down as if we’re cutting deeper into this painting,
of course you can’t cut it, but this is optically sectioning. (Fig. 123) We see the layer of paint

here and then there’s fracturing in the paint.
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OCT imaging of Arrest of Christ

OCT en face image — underneath the varnish

Paint_and_UNDR3

Fig. 124
(Fig. 124) And finally go to the planning or under-drawing which we can see below the
painted surface. And this again comes back to the concept that Michel Duguay showed, that

you can see below the surface of the paint or scattering tissues.

OCT Imaging at ~1 Cubic Meter Volume

Scan pattern 1000x1000 A-scans/volume Volume (~200cm depth, ~100cm x ~100cm)
Chess board to back of mannequin ~80cm 0.4TB/volume, 200,000 points/A-line
Z. Wang, et al Optica (2017)

Fig. 125
(Fig. 125) It’s also possible to image very long distances. This shows a mannequin, life-size,

and with OCT imaging over a one-meter scale.
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Z. Wang, et al Optica (2017)

Fig. 126
(Fig. 126) Here we see a three-dimensional image. By rotating it virtually we can appreciate

the depth contour.

Micron resolution non-contact metrology

Ground Truth 4 1 09
Measured by 101.5967 25.4000 22.8600 20.3267 19.0533
micrometer (mm) +0.0058 +0.0000 +0.0000 £0.0058 +0.0058
Measured by OCT NA 0.999440 0.899984 0.800476 0.750535
(inch) 0.000247  $0.000256  +0.000232  +0.000256

Measuredby OCT NA 253858 228596 203321 19.0636
(mm) £0.0063 £0.0065 £0.0059 £0.0065

§ Block6 | Block7 Block8 Block® | Block10
3 2 07

Ground Truth 095 085
(inch)

Measured by 76.2033 50.8000 24.1300 215900 17.7800
micrometer (mm)  0.0058 £0.0000 £0.0000 £0.0000 £0.0000

Moasuredby OCT 29099862 1999592 0949665 0850474  0.700576
i 0000232 #0.000189  0.000155 £0.000270  0.000541

Measuredby OCT  76.196500 50789620 24.121490 21.602050  17.794643
(mm) 00059  :00048  £00039 200069 00137

15 um FWHM axial resolution, peak localization to <1 um

Fig. 127
(Fig. 127) And, while this is not as interesting, it points out that this is actually a precision
measurement where we can measure distances, displacements, to the micron level scale.

For metallurgy, for process manufacturing, this type of capability is quite important.
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Scientific, Clinical and
Economic Impact

Fig. 128

The International Research Community 2015:

www.octnews.org

J. Fujimoto and E. Swanson, Investigative Oph Visual Sci (2016)

Fig. 129
(Fig. 128 and 129) Now let’s look at the impact of OCT. (Fig. 129) This would not have
been possible without the international research community. The little red spots indicate the
major research groups, the lines indicate collaboration between the groups showing the

extensive international network with collaborative exchange of information.
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Scientific Publications

Surgery
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with OCT in Title or Abstract in PubMed OCT product
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Publications are a measure of scientific and clinical impact

Fig. 130
(Fig. 130) If we look at the publication history, this plots the number of publications per
year in different areas, which closely parallels the commercial introduction of OCT. This is
because commercialization made widespread use and investigation possible. The largest publication
volume is in ophthalmology, the green portion of the plot. Cardiovascular is the blue portion,

the second largest. We see multiple other applications that have potential for growth.

OCT is Being Developed in Many Clinical Specialties

Dermatology
OCT is playing an increasingly important role -

in understanding, detecting, and treating
various forms of cancer

Active and exciting area of research and
commercial development

Contrast, resolution, costs, reimbursement,
workflow, and cost and complexity of clinical
trials remain challenges

Gastroenterology

Courtesy Julia Welzel & Michelson Diagnostics
Pulmonology
Tethered Capsule
Endomicroscopy

ANew Paradigm for G Tract
Disease Screening

A
£
o —_

Courtesy Gary Tearney, MGH Courtesy Melissa Suter, Harvard

Fig. 131
(Fig. 131) Fig. 131 shows other applications spanning the different medical specialties;,

including gastroenterology, dermatology, pulmonology among others.
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OCT Applications

High-resolution, high-speed, high-
sensitivity, high-dynamic range imaging
— Optical biopsy
— Guiding surgical procedures
— _Functional Imaging
— Advancing scientific and clinical understanding

Biomedical Imaging
— Ophthalmology, Cardiology, Gastroenterology,
Dermatology, Gynecology, Dentistry, Neurology,
Otolaryngology, Pathology, Pulmonology, Urology,
Surgical Guidance, veterinary medicine, ...
Microscopy
— General purpose, Developmental Biology, Genetics,...
Non-Destructive Evaluation
— Semiconductors, Polymers, Composites, Ceramics, Art,.
On/Off-Line Process Control
— Pharmaceuticals, Plastics, Roll-to-Roll Processing,...

Security
— Fingerprints, Retinal Scans, Currency Forgeries,...

Other

_ Terahertz Imaging, ... Courtesy of E. Swanson

OCT News

Fig. 132
(Fig. 132) You can see multiple applications listed here.

Translation from Research to Clinical
Practice is Complex, Expensive, and Slow

Significant sales
Industry Reimbursement authorization
Demonstrated clinical efficacy
Early adopter sales
Multi-center clinical studies
FDA Approval
Commercial prototype development
Clinical feasibility studies
Laboratory prototype development
Fundamental studies

Research

Several Years

Fig. 133
(Fig. 133) But an important point is that for medical applications, the process of commercialization
1s long. There is a research phase, clinical feasibility studies, a commercial development phase,
obtaining FDA approval, multi-center studies, early adopter studies, demonstration of efficacy
which is required for reimbursement, and finally, we can start to realize significant sales,

which occurs after reimbursement.
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The Future Potential of OCT
OCT will continue to play a key role in clinical ophthalmology and
ophthalmology research

Commercial advances will enable wider spread access, detecting
disease at earlier and more treatable stages

Applications in other medical specialties, cardiology, cancer detection,
surgical guidance will continue to develop

Applications in metrology, non-destructive evaluation, and process
monitoring will become increasingly important

Photonic integration will increase performance and dramatically reduce
cost

Advances will be driven by the international scientific and engineering
community and the partnership of government, academics, medicine
and industry

Fig. 134

(Fig. 134) There is future potential, but the development cycle is challenging. We believe
OCT will continue to play a key role in clinical ophthalmology and ophthalmology research.
Commercial advances will enable wider spread access and we saw an example of this for
disease screening, with a large potential impact on public health. I think this is very promising.
There are applications in other specialties which will continue to develop, but each application
has to be developed on a case-by-case basis. There 1s metrology, non-destructive evaluation,
and process monitoring. We believe these more will become increasingly important. Photonic
integration will enable very low cost and high performance. In general these advances require
the international scientific and engineering community as well as the partnership of government,

academics, medicine and industry.

Take Home Messages
The development of optical coherence tomography (OCT) - an
example of translation from research to clinical impact

Doctoral trainees and early career professionals can make
major advances

The international research community plays a critical role

Advances in technology, optical communications,
computation, image processing can enable advances in
medicine

Widespread impact requires an ecosystem of government
support, fundamental research, engineering, clinical studies
by clinician scientists, industry investment ...

Fig. 135
(Fig. 135) These are the important themes and the take home messages. The history of OCT
shows that you can translate from research to clinical impact. OCT is one example of this;

now there are many possible technologies that are being translated. Doctoral trainees and
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early career professionals can make major advances, which shows potential for younger people

in the science and engineering professions. The international research community played a

critical role. Advances in technology, optical communications and other areas can enable

advances in medicine and their translation to other applications. Widespread impact requires

cooperation among many entities, or an ecosystem: government support, fundamental research,

engineering, clinical studies by clinician-scientists, and industry investment.
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Systems, ThorLabs, as well as a number of foundations.
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@OCT News

Image of The Week

hitp:iioctnews.org

By the early 1990's both Ophthalmology and
g

MLA 1,86 mm2 MLA 4,08 mm2 Cardiology were being investigated as

potential applications of OCT (see for
example Huang et al). But while OCT for
ophthalmologic exams developed into a main
stream application in less than 10 years with
well over 10,000 units currently fielded,
100,000’s patients diagnosed, and over
$200M/year in revenue for a variety of
Companies, cardiology has lagged behind.
This is due to a variety of issues including the
more invasive and complex nature of the

— =

. . procedure and the implicit demand on the
4 € 8mm) e
=i i x technology as well as the higher regulatory

Fig. 138
(Fig. 138) If you're interested in OCT, there’s a website which is run by Mr. Swanson: OCT
News. This website tracks industry development, venture capital funding and activity and, of

course, scientific and clinical publications.

Thank You

Fig. 139
(Fig. 139) Again, I'd like to express my sincerest thanks to the Honda Foundation and to

the selection committee. It’s really a great honor and privilege to be selected as a recipient of

the Honda Prize, and to be here with you today.

Thank you very much.

Bl This report can be viewed in the Honda Foundation’s website.
You may not use the proceedings for the purposes other than personal use without the express written

consent of the Honda Foundation.

76



HONDA FOUNDATION

YANMAR TOKYO Bldg., 6F
2-1-1, Yaesu, Chuo-ku, Tokyo 104-0028 Japan
Tel. +81 3 3274-5125 Fax. +81 3 3274-5103
www.hondafoundation.jp/en

Editor in Chief : Masaki Tsunoda




	空白ページ
	空白ページ



