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OutlineOutline
Imaging of the eyeImaging of the eye

–– CSLO imagingCSLO imaging
–– polarization imagingpolarization imaging

Human Imaging and Animal ModelsHuman Imaging and Animal Models
–– imaging imaging 
–– Two photon therapyTwo photon therapy

WavefrontWavefront correction via  adaptive opticscorrection via  adaptive optics

Clinical applicationsClinical applications



The EyeThe Eye
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Effect of PSF in ImagingEffect of PSF in Imaging

Final Scene: Initial Scene 
is Convolved with the 
PSF

Initial Scene



Scanning Laser Scanning Laser OphthalmoscopyOphthalmoscopy



ConfocalConfocal ImagingImaging

Only light with zero Only light with zero 
vergencevergence is focused is focused 
through the through the confocalconfocal
pinhole and is pinhole and is 
detected.  This is the detected.  This is the 
source of the source of the 
instrumentinstrument’’s optical s optical 
sectioning ability.sectioning ability.



CSLO AdvantagesCSLO Advantages

increased illumination allowed in a scanning increased illumination allowed in a scanning 
systemsystem

reduced effect of scattered lightreduced effect of scattered light
enhanced contrast and resolutionenhanced contrast and resolution

enhanced lateral resolutionenhanced lateral resolution

enhanced depth resolutionenhanced depth resolution



FundusFundus photophoto



CSLO ImageCSLO Image

CSLO image, 10 degree field of view, KMCSLO image, 10 degree field of view, KM



Younger SubjectYounger Subject



VesselsVessels



FoveaFovea



Early ARMDEarly ARMD



Retina Cross SectionRetina Cross Section
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CSLO Depth ResolvedCSLO Depth Resolved

+0.5D focus+0.5D focus0D focus0D focus--0.5D focus0.5D focus
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Effect of PSF in ImagingEffect of PSF in Imaging

Final Scene: Initial Scene 
is Convolved with the 
PSF

Initial Scene



Adaptive Optics in the EyeAdaptive Optics in the Eye

Source

Incident Path Exit Path



Monochromatic AberrationsMonochromatic Aberrations



TransverseTransverse
AberrationAberration

WavefrontWavefront

Reference SphereReference Sphere

WavefrontWavefront
AberrationAberration

WavefrontWavefront AberrationAberration



WavefrontWavefront Aberration MeasurementAberration Measurement
reference wavefrontreference wavefront

deformed wavefrontdeformed wavefront

Wavefront aberration :Wavefront aberration : W(x,y)W(x,y)

W(x,y)W(x,y)
EyeEye



HartmannHartmann--Shack ImagesShack Images

Ideal caseIdeal case

WW Real caseReal case



Typical HartmannTypical Hartmann--Shack PatternShack Pattern



Sample Human Sample Human WavefrontWavefront & PSF& PSF
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Adaptive Optics in the EyeAdaptive Optics in the Eye

Source
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Depth Profile of BlurDepth Profile of Blur
 -0.12μm of  SA. Pupil size of 5.7mm. 
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Hartmann-Shack
Device

Wavefront
Correction

Adaptive Correction of CSLOAdaptive Correction of CSLO



Retinal Imaging with Adaptive OpticsRetinal Imaging with Adaptive Optics

Uncorrected Corrected



Deformable MirrorsDeformable Mirrors

Deformable mirrors from Deformable mirrors from 
XineticsXinetics

From 13 to 900 actuators From 13 to 900 actuators 
(degrees of freedom),  3 (degrees of freedom),  3 -- 15 15 
inches in diameterinches in diameter

From Julian Cristou

Possible Possible wavefrontwavefront correcting correcting 
devicesdevices
•• membrane mirrors with actuatorsmembrane mirrors with actuators
•• MEMS mirrorsMEMS mirrors
•• FerrofluidicFerrofluidic mirrorsmirrors



The The FerrofluidFerrofluid / MELLF Combination/ MELLF Combination



Adaptive Optics SLOAdaptive Optics SLO

Roorda et al



Photoreceptors during growthPhotoreceptors during growth



Age Related Macular Degeneration Age Related Macular Degeneration 

Normal eye                                    AMD

http://www.goodhope.org.uk/departments/eyedept/armd%20pathol.htm

Neovascularization in exudative ARMD



Early ARMDEarly ARMD



TPETPE--PDTPDT

Photodynamic therapy is a proven therapy for Photodynamic therapy is a proven therapy for 
AMDAMD

Two photon imaging has advantages which Two photon imaging has advantages which 
could be extended to therapycould be extended to therapy

–– Localization of excitationLocalization of excitation
–– Penetration of infrared lightPenetration of infrared light
–– Less scattering of IR lightLess scattering of IR light
–– Higher damage thresholds for adjacent tissueHigher damage thresholds for adjacent tissue



Probability of Drug ExcitationProbability of Drug Excitation
-- varies with square of light intensityvaries with square of light intensity

AO correctedAO corrected
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Advantages of Rat ModelAdvantages of Rat Model

Potential resolution in rat Potential resolution in rat fundusfundus images:images:

Lateral resolutionLateral resolution

–– varies as f #, which is 3x lower in rat than human, varies as f #, which is 3x lower in rat than human, 
so smaller details potentially resolvableso smaller details potentially resolvable

Depth resolution Depth resolution 
–– varies as square of f#, 10x improvement possible varies as square of f#, 10x improvement possible 

over humanover human

d
fs λ22.1Re =



Two Photon LocalizationTwo Photon Localization

Probability of 1 photon excitation α I
Probability of 2 photon excitation α I2
Treatment localized to feeder vessels and neovascular
membrane leakage



Hartmann Shack Measurements Hartmann Shack Measurements 
on Small Eyeson Small Eyes
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CSLO ImagesCSLO Images



Mueller Matrix Mueller Matrix PolarimetryPolarimetry MethodsMethods
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Contrast MeasuresContrast Measures
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MuellerMueller MatrixMatrix PolarimetryPolarimetry & & 
ImageImage ImprovementImprovement

contrast of smaller vessel doubled



M00M00

Max AcutanceMax Acutance Max EntropyMax Entropy Max SNRMax SNR
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Retinal Writing by Laser ModulationRetinal Writing by Laser Modulation



Implications to Diagnosis Implications to Diagnosis 
and Treatment of Diseaseand Treatment of Disease

Diagnosis of diabetic retinopathy, glaucoma, retinitis Diagnosis of diabetic retinopathy, glaucoma, retinitis 
pigmentosapigmentosa, AMD, AMD

Study of normal and abnormal development in humans Study of normal and abnormal development in humans 
and animal models and animal models 

Structure and function in ocular diseaseStructure and function in ocular disease
–– visualization of structural damagevisualization of structural damage
–– study of photodynamic therapy  and novel therapiesstudy of photodynamic therapy  and novel therapies
–– projection of visual targets onto the retinaprojection of visual targets onto the retina

More accurate delivery of light therapy , 2 photon PDTMore accurate delivery of light therapy , 2 photon PDT

Testing of therapy in animal modelsTesting of therapy in animal models



Ongoing WorkOngoing Work

Delivery of high light flux in a localized volumeDelivery of high light flux in a localized volume
–– Better (and more usable) Better (and more usable) wavefrontwavefront correctioncorrection
–– Novel light sources and deliveryNovel light sources and delivery

High contrast and high resolution imagingHigh contrast and high resolution imaging

Animal modelsAnimal models

AO corrected OCT/CSLOAO corrected OCT/CSLO

Structure/Function relationships in diabetic Structure/Function relationships in diabetic 
retinopathyretinopathy

High resolution imaging of myopia developmentHigh resolution imaging of myopia development
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