Highresolution retinal imagingg
visualizingcellular structures in the living eye

Mircea Mujat, PhD
Principal Research Scientist
Physical Sciences Inc.

Boston Chapter of the IEEE Photonics Society
December 14, 2017

CCCCCCCCCCCCCCCCCCCC




Disclosure and Acknowledgements

Physical Sciencdacholds patents in AO imaging and builds
custom research platforms as commercial products.

PSI Team

R. Daniel FergusonNicusorlftimia, Gopi Maguluri,Youbo
Zhao, Yang Lu, and Ankit Patel

Collaborating Groups/Sites

| KAt RNByQa | 2aLiAdalrt .2ad02yz=z
Center, NYEEI, FondazioBeetti - Rome, and Institute de la
Vision- Paris

Funding SourcedNIH, DoD, PSI

CCCCCCCCCCCCCCCCCCCC




Physical Sciences Inc.

PSI is:

- A 43 yearold company of ~150+ scientists, engineers and administrators
- Headqguartered in Andover, MA, with satellite locations in the US

- Owner of subsidiaries Faraday TechnologyP€ak, and Research

Support Instruments with complementary capabilities

- Atechnologically diverse company with annual revenues of ~$50 M

- Employeeowned through an Employee Stock Ownership Plan

PSI does:

- Technology development under government and industry contracts
- Applied research for all major agencies of the U.S. government

- Prototype product development for government and industrial
applications

- Limited production of special instruments
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Outline

w Ophthalmoscopy and eye disease

w Adaptive Optics (AO) in Ophthalmology
w Optical Coherence Tomography (OCT)

w Scanning Laser Ophthalmoscopy (SLO)
¢ Darkfield Imaging

w Multimodal Imaging; human and animal
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Ophthalmoscopy and Eye Disease

Ophthalmoscopy (Helmholtz, 1851) eye examination for
determining the health of the retina and nerve headundamental
In the diagnosis and management of eye disease

SLOOCT anAO- the most significant advances in recent years

Understanding the mechanisms of pathology require cellular
resolution

Because the eye is a unique laboratory fiarvivoinvestigation,
many animalmodelsfor eye disease have been developed
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Saving Sight: Early Intervention

Agerelated Macular Degeneration (AMD

a  Wet and dry forms, geographic atrophy are the tHedding cause of visual
impairment andblindness

a 9% of all blindness case®rldwide with irreversible damage.
DiabeticRetinopathy (DR

a Damage to the retina due to diabetes

a 80% of people who have had diabetes for 20 year or more

a  90% could be prevented with proper treatment and monitoring
Glaucoma:

a neurodegenerativalisorder of the retina

a affects more tharvO million peoplevorldwide

a the loss of retinal nerve fiber and ganglicells isrreversible

a the underlyingmechanisms of glaucom@ot yet well understood

Otherconditions
a hereditary degenerative diseases

o RetinitisPigmentosa] S 6 Sdddeditalamaurosis{ I NJ IReruldasn:iﬁBaa
a  macular and rod/conelystrophies

PHYSICAL SCIENCES INC.




Retinal Imaging

Retinal imaging with cellular resolution is becoming a valuable
new tool for clinicians in diagnosis and treatment of many eye
diseases

The bUIIdlng blocks of retinal microstructures:
cone photoreceptors
rods
RPE cells
blood cells
microvasculature
U retinal layers
need to be identified, counted, and mapped properly

(G el e e -

Can we see more?
U Pericytes vessel wall structure
U Ganglion cells
u e
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SLO, OCT, and AO

w Scannindaser Ophthalmoscope (SLO) = Confocal Microscop
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w Adaptive Optics (AOg compensate wavefront aberrations for
diffraction-limited illumination / imaging
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ADAPTIVE OPTICS FOR
RETINAL IMAGING
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Adaptive Opticen the Eye

A SIMPLEELEGANTONCERT. \

Pinhole

Aberrated Plane
Wavefront Wavefront

applied to astronomy to compensat
for atmospheric turbulence between a
telescope and a star

Deformable

Mirror

AO was first applied to ophthalmology
by Williams et al. at University of
Rochester in the mid990s

Closedoop wavefrontcontrol produces diffractiofimited images (~2um) usmg the ful
~7 to 9mm pupil available in the dilated human eye. |._.~ |
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OPTICAL COHERENCE
TOMOGRAPHY (OCT)
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Spectral Domain/Swept Source OCT
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5.73 mm

Normal Eye

Integrated reflectance 170 frames /5.9 s

ww 2T

8.85mm  RNFL thickness  Mujat, Optics Expres4323), 9480 (2005)7
Muijat, BIOS 2006, 613D L
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ACOCT

w large8x8degOCT volumecan forfoveal pit structure
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Images flattened to RPE and aligned

ESI
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OCT

w large8x8degOCT volumecan for
foveal pit structure

top surface

Y [microns]

X [microns]

PHYSICAL SCIENCES

INC.




AOOCT Volume Scansdé&g

Retinoschisis
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SCANNING LASER

OPHTHOLMOSCOPY (SLO)
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Scanning Imaging Approaches

(a) Fundus photography
Defocused

image imaging w 2D cameras
i ¢ Flash illumination (no live imaging)
¢ Poor contrast
ilomination ¢ No depth resolution but focus

¢ Single focal plane array

w Confocal imaging systems (SLO)

¢ Reject light scattered from adjacent or
out-of-plane voxels with scanning
pinhole aperture

¢ Increase image contrast

Flying Spot

llumination ¢ Depth sectioning capability

¢ Requires fast mechanical scanners

w Line scanning (LSO)

¢ Line illumination with detection on one
fast solidstate axis

S s ¢ Line-confocal with one scanner

lllumination
| ¢ Achieves same qualitative imaging
performance as flying spot SLOs
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AOSLO
Performance

1.5degfield X4

28 fps

760 nm (50 nm FWHM)
~2>m resolution

0.5>m pixel

Average images
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Imaging Cones and Rods
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1 degfield at 18degeccentricity (temporal). Frames aligned and averaged
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Courtesy of
Gadi Wollstein,
UPMC
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Optic Nerve Head

Scale bar = 20m

A AOLSO images (single frames) at different depths in the ONI-

a) Nerve fiber bundles at a shallow depth
b) Photoreceptors at the rim and in the scleral crescent
c) Vacuoles in the lamineribrosa

ES1
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DARK FIELD IMAGING
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Offset Aperture Dark Field Imaging
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Offset Aperture Dark Field Imaging
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averaged

O
ol

PHYSICAL SCIENCES INC.




standard
deviation

Offset Aperture Dark Field Imaging

PHYSICAL SCIENCES INC.




Offset Aperture Dark Field Imaging

A) Confocal Mode B) Offset Mode
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Fig. 7. Fine structure of peripapillary arterioles. A, A peripapillary arteriole located at 5° from
Figure 5. Confocal and offset the disc with a lumen diameter of 110 um (Media 8) obtained with a displaced larger confocal
aperture. White arrows indicate the three layers of the vessel wall. 1: Tunica adventitia; 2:
Tunica media (smooth muscle): 3: Tunica intima. The thickness of the vessel wall varies from
12 to 18 pm along the vessel. 4: the lumen diameter of the peripapillary artery containing

aperture imaging modes [21].

moving cells (Media 8). B, An arteriole with a 40 pm lumen diameter located at the optic disc
crescent in a different subject (Media 9). The thickness of the vessel wall is 10 pm (black
arrows) and 4.5 pm (white arrowheads) in the arteriole and its daughter branch, respectively.

Chui, T.Y., Vannasdale, D.A., and Burns, S.Fag use of forward scatter to improve retinal vascularimaging
with an adaptive optics scanning laser ophthalmoscBjmmed Opt Express, 2012(10): p. 253749. |
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Offset aperture

Fig. 4. 5° x 5° montages obtained from a location superior to the optic nerve head in a 34 year
old male showing, A, penpapillary RNFL obtamed using small confocal aperture and, B,
peripapillary capillary network obtamned usmg a large offset aperture at the same region. C,
The standard emror map calculated from the data shown as an average mm B shows the
peripapillary capillary network. Arrow indicates the optic disc margmn. Artery and vein are
labeled as “A” and “V’, respectively. Scale bars = 300 um.
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Highspeed Imaging

U 130 fps- registered stack of 500 frames
U Individual blood cells can be traced from frame to frame as the
move along capillaries and their dynamics can be analyzed ov
large areas
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single frame

mean

standard deviation

frequency analysis
slower (blue) and
faster (reddish)
flow

Highspeed Imaging
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