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Professor Hans Goldmann & invention & Design 8 Development - Discovery

1937 - Invented the mirrored gonio-lens

1938 - Developed the modern slit lamp

1941 - Determined the volume of the Anterior Chamber
1945 - Detected the aqueous veins

1945 - Invented the Goldmann perimeter

1949 - Designed the three-mirror fundus lens

1950 - Developed fluorometric methods to measure
aqueous flow and outflow facility

1954 - Invented the applanation tonometer

Courtesy of Anders Heijl



Past GRS Goldmann Lecturers

1994 7 Stephen Drance, OC, MD
1998 7 Anthony A.C.B. Molteno , MD
20031 Douglas Anderson, MD
200571 Yoshi Kitazawa, MD, PhD
2006 1 Roger Hitchings FRCP, FRCOphth
20081 George L. Spaeth, MD
20107 Paul Kaufman, MD

2012 - Elke Lutjen-Drecoll, MD
2014 7 Harry A. Quigley, MD

2016 - Anders Heijl, MD

2018 7 Wallace L. M. Alward

20221 Anja Tuulonen, MD
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Commercial/IntellectudDisclosure None Active

Heidelberg Engineering

Previous instruments, software, occasional travel support
Previous Unrestricted research support

Previous Consultand no personal income, no intellectual property
No travel support or nonorarium for this talk

Past Funding
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Past Funding
Optic Nerve Head Research Laboratory (ONHRL)

NIH RO1EY011610 - NHP ONH Aging and Experimental Glaucoma, PI

NIH RO1EY021281 - ONH OCT in Glaucoma, PI
NIH RO1EY029087- ONH Glymphatics / Debris Clearance in Glaucoma, Co-l (Marsh-Armstrong, PI)

Legacy Good Samaritan, Devers Eye Institute Foundation

Sears Trust for Medical Research

Alcon Research Institute Award Monies
RPB Career Development Award Monies

Whitaker Foundation Award Monies
AHAF T Bright Focus Award Monies
American Glaucoma Society i Mid-Career Award Monies

Lewis Rudin Glaucoma Prize Monies
Association of International Glaucoma Societies (AIGS) Award Monies

Heidelberg Engineering i Instruments and Unrestricted Research Support
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Devers Eye Institute (DEI)
Optic Nerve Head Research Laboratory (ONHRL) Collaborators

Devers Eye Institute T Discoveries in Sight Collaborators

Jack Cioffi, MD Lin Wang, MD, PhD Brad Fortune OD, PhD Shaban Demirel BScOptom, PhD Stuart Gardiner, PhD Steve Mansberger, MD MPH
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Harry Quigley 1990 Lecture at Armed Forces Institute of Pathology & Washington, DC

| was filled with a confluence of excitement / enthusiasm /gratitude and urgency!
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Harry Quigley 1990 Lecture at Armed Forces Institute of Pathology & Washington, DC

| felt that my exposure to Architecture and Engineering had prepared me to study these tissuesd

and now knew the next step for doli
Burgoynei 2024 Goldmanni GRS Website



Harry Quigley / Don Zack - Wilmer Glaucoma Clinical/Research Fellowship 1991 -1993

Longitudinal in -vivo ONH surface
ypercompliance then stiffening in Monkey
early-endstageexperimental glaucoma eyes.

Measurement of Optic Disc
Compliance by Digitized Image
Analysis in the Normal
Monkey Eye

MD,!
PhD,*S

goyne,

mpson,

A, Quigley, Mile

Vitale, .‘..’"f\_l" | , MPH’ I

To characterize the compliance of the normal monkey optic disc under
conditions of induced short-term fluctuations in intraocular pressure (IOP)

Methods: In 10 monkeys, one eye was compliance tested on three separate days

followed by a single test of the contralateral eye (40 compliance tests). In a testing
session, the optic disc was -n"aqed m 2 and 47 minutes (baseline 2
was lowered to 10 mmHg; then at 2 .32, and 47 minutes after IOP was eleva’
45 mmHg; then at 2, 47, and, in some cases, 92 minutes after IOP w 1 back
to 10 mmHg. Eight digitized images were analyzed at each time point, yielding two
parameters to characterize the position of the disc: the Mean Position of the Disc (MPD)
and the Change from MPDgasesne (the value of MPD at a given time point minus the value
for MPD at the baseline time point of that testing session). Analysis of variance (ANOVA)
testing was used to evaluate the effect of IOP on both parameters while taking
into account the effects of variabi Je to different monkeys and repetitions of the
test as well as differences between the two eyes of an individual monkey. With the
addition of data from 11 compliance tests performed on eight additional monkeys, the
overall resulls were calculated in terms of the mean Change from MPDg,.u. at each
time point for a total of 51 compliance testing sessions

Results: The mean Change from MPD, w Was —28 um (95% confidence interval

23 to —33 um) 47 minutes after elevation of I0P. The disc surface returmned to its
baseline position 92 minutes after IOP was lowered back to 10 mmHg. Elevation of IOP
within a compliance test had a significant effect on the position of the of disc surface
(P = 0.0002, ANOVA), as characterized by the parameter Change from MPDg,esie
Neither the difference in the amount of movement between the two eyes of an individual
monkey nor the variability within the three repetitions of the test in a given eye was
statistically significant

Conclusion: Small, reversible (elastic) posterior deformations of the optic disc sur
face follow acute elevations of IOP in the normal monkey eye. Detection of acute I10P-
induced deformations of the optic disc surface may represent a means by which to
mechanically test the deeper load-bearing tissues of the optic nerve head
Ophthalmology 1995,102:1790-1799

Claude F. By
Hilary W. -

Purpose:

time point

s lowere

Burgoyne, et al, Ophthalmology 1995

Early Changes in Optic Disc
Compliance and Surface Position
in Experimental Glaucoma

LV iskl
.} Rohit Varma, MD, MPH’ I

Hilary W T’h)n\pmv‘ PhD,* \umn Vitale, \HI

Purpose: To detect changes in the compliance and baseline position (position at
the baseline time point of a compliance test) of the monkey optic disc after the onset
of chronic experimental glaucoma

Methods: Sixty-six compliance tests were performed on 26 eyes of 13 monkeys
Longitudinal Study. In seven normal monkeys, compliance tests were performed three
times in one eye (study eye) and once in the contralateral eye. In the study eye of five
of these monkeys, chronic experimental glaucoma was then induced and compliance
tests were performed at some or all of the following postglaucoma testing intervals: 1
10 2 weeks, 3 to 4 weeks, 5 to 8 weeks, 9 to 12 weeks, 13 to 18 weeks, and more
than 18 weeks after the onset of elevated intraocular pressure (IOP). In the study eye
of the remaining two monkeys, the optic nerve was transected, and compliance was
tested at 5. 9, and 13 weeks after transection. An analysis of variance (ANOVA) was
performed to detect an increase (hypercompliance) or decrease (rigidity) in the compliance
of the glaucomatous eyes at each testing interval. A second ANOVA was performed
to detect the onset of chronic posterior deformation of the baseline position of each
disc. Cross-Sectional Study. In six additional monkeys with pre-existing experimental
glaucoma, the glaucomatous study eye was compliance tested at one of the postglau-
coma testing intervals used in the longitudinal study. The contralateral normal eye was
compliance tested once. These data were then added to the data from the five longi-
tudinally studied monkeys at the appropriate preglaucoma and postglaucoma testing
intervals. A third ANOVA was done to compare the compliance of the expanded group
of glaucomatous eyes at each postintervention testing interval with the compliance of
the 13 normal contralateral eyes.

Resuits: Compliance. In the longitudinally (Pr > F = 0.0005) and cross-sectionally
(Pr > F = 0.0001) studied glaucomatous eyes, optic disc compliance increased signif-
icantly by 1 to 2 weeks and then returned to a level statistically indistinguishable from
normal within 13 to 18 weeks after the onset of glaucoma. In the transection eyes, the
optic discs were significantly less compliant (more rigid) at 5 and 9 weeks after transection
compared with the discs in either the normal or the glaucomatous eyes (Pr > F < 0.05).
Baseline Optic Disc Position. Chronic posterior deformation of the disc was detected
in one of three eyes tested 1 to 2 weeks and three of four eyes tested 3 to 4 weeks
after the onset of glaucoma (Pr > F < 0.05). Chronic posterior deformation was not
detected in the discs of either of the transection eyes at any of the post-transection
testing intervals.

Conclusion: Changes in optic disc compliance and surface position were detected
by digitized image analysis within 2 to 4 weeks of the onset of experimental glaucoma
in the monkey eye. These findings are unlikely to be due to axon loss alone, because
they did not occur in optic nerve transection eyes (which constitute a model of axon
loss in which intraocular pressures remain normal). The results suggest that IOP-related
damage to the load-bearing connective tissues of the optic nerve head may occur early
in the course of experimental glaucoma. Ophthalmology 1995,102:1800-1809

Burgoyne, et al, Ophthalmology 1995
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Harry Quigley / Don Zack - Wilmer Glaucoma Clinical/Research Fellowship 1991 -1993

Progressive Stiffening (only) in Tr

Measurement of Optic Disc
Compliance by Digitized Image
Analysis in the Normal
Monkey Eye

\. Quigley, MD,'

Claude F. Burgoyne, MD,"* H
Thompson, PhD,* Su Vitale, MHS,’ F

Hilary W

Purpose: To characterize the compliance of the normal monkey optic disc under
conditions of induced short-term fluctuations in intraocular pressure (IOP)

Methods: In 10 monkeys, one eye was compliance tested on three separate days

followed by a single test of the contralateral eye (40 compliance tests). In a testing
session, the optic disc was -n"aqed m 2 and 47 minutes (baseline time point =]
was lowered to 10 mmHg; then at 2 .32, and 47 minutes after IOP was eleva’
45 mmHg; then at 2, 47, and, in some cases, 92 minutes after IOF was lowered back
to 10 mmHg. Eight digitized images were analyzed at each time point, yielding two
parameters to characterize the position of the disc: the Mean Position of the Disc (MPD)
and the Change from MPDgasesne (the value of MPD at a given time point minus the value
for MPD at the baseline time point of that testing session). Analysis of variance (ANOVA)
testing was used to evaluate the effect of IOP on both parameters while taking
into account the effects of variabi Je to different monkeys and repetitions of the
test as well as differences between the two eyes of an individual monkey. With the
addition of data from 11 compliance tests performed on eight additional monkeys, the
overall resulls were calculated in terms of the mean Change from MPDg,.u. at each
time point for a total of 51 compliance testing sessions

Results: The mean Change from MPD, w Was —28 um (95% confidence interval

23 to —33 um) 47 minutes after elevation of I0P. The disc surface returmned to its
baseline position 92 minutes after IOP was lowered back to 10 mmHg. Elevation of IOP
within a compliance test had a significant effect on the position of the of disc surface
(P = 0.0002, ANOVA), as characterized by the parameter Change from MPDg,esie
Neither the difference in the amount of movement between the two eyes of an individual
monkey nor the variability within the three repetitions of the test in a given eye was
statistically significant

Conclusion: Small, reversible (elastic) posterior deformations of the optic disc sur
face follow acute elevations of IOP in the normal monkey eye. Detection of acute I10P-
induced deformations of the optic disc surface may represent a means by which to
mechanically test the deeper load-bearing tissues of the optic nerve head
Ophthalmology 1995,102:1790-1799

Burgoyne, et al, Ophthalmology 1995

nsection Eyes

Early Changes in Optic Disc
Compliance and Surface Position
in Experimental Glaucoma

de F. Burgoyne, MD,"* Harry ¢
Hil ry W. Thompson, PhD,* Susan Vitale, MHS.’ Rohit Varma MD, MPH’

Purpose: To detect changes in the compliance and baseline position (position at
the baseline time point of a compliance test) of the monkey optic disc after the onset
of chronic experimental glaucoma

Methods: Sixty-six compliance tests were performed on 26 eyes of 13 monkeys
Longitudinal Study. In seven normal monkeys, compliance tests were performed three
times in one eye (study eye) and once in the contralateral eye. In the study eye of five
of these monkeys, chronic experimental glaucoma was then induced and compliance
tests were performed at some or all of the following postglaucoma testing intervals: 1
10 2 weeks, 3 to 4 weeks, 5 to 8 weeks, 9 to 12 weeks, 13 to 18 weeks, and more
than 18 weeks after the onset of elevated intraocular pressure (IOP). In the study eye
of the remaining two monkeys, the optic nerve was transected, and compliance was
tested at 5. 9, and 13 weeks after transection. An analysis of variance (ANOVA) was
performed to detect an increase (hypercompliance) or decrease (rigidity) in the compliance
of the glaucomatous eyes at each testing interval. A second ANOVA was performed
to detect the onset of chronic posterior deformation of the baseline position of each
disc. Cross-Sectional Study. In six additional monkeys with pre-existing experimental
glaucoma, the glaucomatous study eye was compliance tested at one of the postglau-
coma testing intervals used in the longitudinal study. The contralateral normal eye was
compliance tested once. These data were then added to the data from the five longi-
tudinally studied monkeys at the appropriate preglaucoma and postglaucoma testing
intervals. A third ANOVA was done to compare the compliance of the expanded group
of glaucomatous eyes at each postintervention testing interval with the compliance of
the 13 normal contralateral eyes.

Resuits: Compliance. In the longitudinally (Pr > F = 0.0005) and cross-sectionally
(Pr > F = 0.0001) studied glaucomatous eyes, optic disc compliance increased signif-
icantly by 1 to 2 weeks and then returned to a level statistically indistinguishable from
normal within 13 to 18 weeks after the onset of glaucoma. In the transection eyes, the
optic discs were significantly less compliant (more rigid) at 5 and 9 weeks after transection
compared with the discs in either the normal or the glaucomatous eyes (Pr > F < 0.05).
Baseline Optic Disc Position. Chronic posterior deformation of the disc was detected
in one of three eyes tested 1 to 2 weeks and three of four eyes tested 3 to 4 weeks
after the onset of glaucoma (Pr > F < 0.05). Chronic posterior deformation was not
detected in the discs of either of the transection eyes at any of the post-transection
testing intervals.

Conclusion: Changes in optic disc compliance and surface position were detected
by digitized image analysis within 2 to 4 weeks of the onset of experimental glaucoma
in the monkey eye. These findings are unlikely to be due to axon loss alone, because
they did not occur in optic nerve transection eyes (which constitute a model of axon
loss in which intraocular pressures remain normal). The results suggest that IOP-related
damage to the load-bearing connective tissues of the optic nerve head may occur early
in the course of experimental glaucoma. Ophthalmology 1995,102:1800-1809

Burgoyne, et al, Ophthalmology 1995
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Harry Quigley / Don Zack - Wilmer Glaucoma Clinical/Research Fellowship 1991 -1993

But all of this was based on the ONH surface!!!

Measurement of Optic Disc
Compliance by Digitized Image
Analysis in the Normal
Monkey Eye

\. Quigley, MD,'

Claude F. Burgoyne, MD,"* H
Thompson, PhD,* Su Vitale, MHS,’ F

Hilary W

Purpose: To characterize the compliance of the normal monkey optic disc under
conditions of induced short-term fluctuations in intraocular pressure (IOP)

Methods: In 10 monkeys, one eye was compliance tested on three separate days

followed by a single test of the contralateral eye (40 compliance tests). In a testing
session, the optic disc was -n"aqed m 2 and 47 minutes (baseline time point =]
was lowered to 10 mmHg; then at 2 .32, and 47 minutes after IOP was eleva’
45 mmHg; then at 2, 47, and, in some cases, 92 minutes after IOF was lowered back
to 10 mmHg. Eight digitized images were analyzed at each time point, yielding two
parameters to characterize the position of the disc: the Mean Position of the Disc (MPD)
and the Change from MPDgasesne (the value of MPD at a given time point minus the value
for MPD at the baseline time point of that testing session). Analysis of variance (ANOVA)
testing was used to evaluate the effect of IOP on both parameters while taking
into account the effects of variabi Je to different monkeys and repetitions of the
test as well as differences between the two eyes of an individual monkey. With the
addition of data from 11 compliance tests performed on eight additional monkeys, the
overall resulls were calculated in terms of the mean Change from MPDg,.u. at each
time point for a total of 51 compliance testing sessions

Results: The mean Change from MPD, w Was —28 um (95% confidence interval

23 to —33 um) 47 minutes after elevation of I0P. The disc surface returmned to its
baseline position 92 minutes after IOP was lowered back to 10 mmHg. Elevation of IOP
within a compliance test had a significant effect on the position of the of disc surface
(P = 0.0002, ANOVA), as characterized by the parameter Change from MPDg,esie
Neither the difference in the amount of movement between the two eyes of an individual
monkey nor the variability within the three repetitions of the test in a given eye was
statistically significant

Conclusion: Small, reversible (elastic) posterior deformations of the optic disc sur
face follow acute elevations of IOP in the normal monkey eye. Detection of acute I10P-
induced deformations of the optic disc surface may represent a means by which to
mechanically test the deeper load-bearing tissues of the optic nerve head
Ophthalmology 1995,102:1790-1799
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Early Changes in Optic Disc
Compliance and Surface Position
in Experimental Glaucoma

de F. Burgoyne, MD,"* Harry ¢
Hil ry W. Thompson, PhD,* Susan Vitale, MHS.’ Rohit Varma MD, MPH’

Purpose: To detect changes in the compliance and baseline position (position at
the baseline time point of a compliance test) of the monkey optic disc after the onset
of chronic experimental glaucoma

Methods: Sixty-six compliance tests were performed on 26 eyes of 13 monkeys
Longitudinal Study. In seven normal monkeys, compliance tests were performed three
times in one eye (study eye) and once in the contralateral eye. In the study eye of five
of these monkeys, chronic experimental glaucoma was then induced and compliance
tests were performed at some or all of the following postglaucoma testing intervals: 1
10 2 weeks, 3 to 4 weeks, 5 to 8 weeks, 9 to 12 weeks, 13 to 18 weeks, and more
than 18 weeks after the onset of elevated intraocular pressure (IOP). In the study eye
of the remaining two monkeys, the optic nerve was transected, and compliance was
tested at 5. 9, and 13 weeks after transection. An analysis of variance (ANOVA) was
performed to detect an increase (hypercompliance) or decrease (rigidity) in the compliance
of the glaucomatous eyes at each testing interval. A second ANOVA was performed
to detect the onset of chronic posterior deformation of the baseline position of each
disc. Cross-Sectional Study. In six additional monkeys with pre-existing experimental
glaucoma, the glaucomatous study eye was compliance tested at one of the postglau-
coma testing intervals used in the longitudinal study. The contralateral normal eye was
compliance tested once. These data were then added to the data from the five longi-
tudinally studied monkeys at the appropriate preglaucoma and postglaucoma testing
intervals. A third ANOVA was done to compare the compliance of the expanded group
of glaucomatous eyes at each postintervention testing interval with the compliance of
the 13 normal contralateral eyes.

Resuits: Compliance. In the longitudinally (Pr > F = 0.0005) and cross-sectionally
(Pr > F = 0.0001) studied glaucomatous eyes, optic disc compliance increased signif-
icantly by 1 to 2 weeks and then returned to a level statistically indistinguishable from
normal within 13 to 18 weeks after the onset of glaucoma. In the transection eyes, the
optic discs were significantly less compliant (more rigid) at 5 and 9 weeks after transection
compared with the discs in either the normal or the glaucomatous eyes (Pr > F < 0.05).
Baseline Optic Disc Position. Chronic posterior deformation of the disc was detected
in one of three eyes tested 1 to 2 weeks and three of four eyes tested 3 to 4 weeks
after the onset of glaucoma (Pr > F < 0.05). Chronic posterior deformation was not
detected in the discs of either of the transection eyes at any of the post-transection
testing intervals.

Conclusion: Changes in optic disc compliance and surface position were detected
by digitized image analysis within 2 to 4 weeks of the onset of experimental glaucoma
in the monkey eye. These findings are unlikely to be due to axon loss alone, because
they did not occur in optic nerve transection eyes (which constitute a model of axon
loss in which intraocular pressures remain normal). The results suggest that IOP-related
damage to the load-bearing connective tissues of the optic nerve head may occur early
in the course of experimental glaucoma. Ophthalmology 1995,102:1800-1809
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Purpose: To characterize the compliance of the normal monkey optic disc under
conditions of induced short-term fluctuations in intraocular pressure (IOP)

Methods: In 10 monkeys, one eye was compliance tested on three separate days

followed by a single test of the contralateral eye (40 compliance tests). In a testing
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was lowered to 10 mmHg; then at 2 .32, and 47 minutes after IOP was eleva’
45 mmHg; then at 2, 47, and, in some cases, 92 minutes after IOF was lowered back
to 10 mmHg. Eight digitized images were analyzed at each time point, yielding two
parameters to characterize the position of the disc: the Mean Position of the Disc (MPD)
and the Change from MPDgasesne (the value of MPD at a given time point minus the value
for MPD at the baseline time point of that testing session). Analysis of variance (ANOVA)
testing was used to evaluate the effect of IOP on both parameters while taking
into account the effects of variabi Je to different monkeys and repetitions of the
test as well as differences between the two eyes of an individual monkey. With the
addition of data from 11 compliance tests performed on eight additional monkeys, the
overall resulls were calculated in terms of the mean Change from MPDg,.u. at each
time point for a total of 51 compliance testing sessions

Results: The mean Change from MPD, w Was —28 um (95% confidence interval

23 to —33 um) 47 minutes after elevation of I0P. The disc surface returmned to its
baseline position 92 minutes after IOP was lowered back to 10 mmHg. Elevation of IOP
within a compliance test had a significant effect on the position of the of disc surface
(P = 0.0002, ANOVA), as characterized by the parameter Change from MPDg,esie
Neither the difference in the amount of movement between the two eyes of an individual
monkey nor the variability within the three repetitions of the test in a given eye was
statistically significant

Conclusion: Small, reversible (elastic) posterior deformations of the optic disc sur
face follow acute elevations of IOP in the normal monkey eye. Detection of acute I10P-
induced deformations of the optic disc surface may represent a means by which to
mechanically test the deeper load-bearing tissues of the optic nerve head
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Purpose: To detect changes in the compliance and baseline position (position at
the baseline time point of a compliance test) of the monkey optic disc after the onset
of chronic experimental glaucoma

Methods: Sixty-six compliance tests were performed on 26 eyes of 13 monkeys
Longitudinal Study. In seven normal monkeys, compliance tests were performed three
times in one eye (study eye) and once in the contralateral eye. In the study eye of five
of these monkeys, chronic experimental glaucoma was then induced and compliance
tests were performed at some or all of the following postglaucoma testing intervals: 1
10 2 weeks, 3 to 4 weeks, 5 to 8 weeks, 9 to 12 weeks, 13 to 18 weeks, and more
than 18 weeks after the onset of elevated intraocular pressure (IOP). In the study eye
of the remaining two monkeys, the optic nerve was transected, and compliance was
tested at 5. 9, and 13 weeks after transection. An analysis of variance (ANOVA) was
performed to detect an increase (hypercompliance) or decrease (rigidity) in the compliance
of the glaucomatous eyes at each testing interval. A second ANOVA was performed
to detect the onset of chronic posterior deformation of the baseline position of each
disc. Cross-Sectional Study. In six additional monkeys with pre-existing experimental
glaucoma, the glaucomatous study eye was compliance tested at one of the postglau-
coma testing intervals used in the longitudinal study. The contralateral normal eye was
compliance tested once. These data were then added to the data from the five longi-
tudinally studied monkeys at the appropriate preglaucoma and postglaucoma testing
intervals. A third ANOVA was done to compare the compliance of the expanded group
of glaucomatous eyes at each postintervention testing interval with the compliance of
the 13 normal contralateral eyes.

Resuits: Compliance. In the longitudinally (Pr > F = 0.0005) and cross-sectionally
(Pr > F = 0.0001) studied glaucomatous eyes, optic disc compliance increased signif-
icantly by 1 to 2 weeks and then returned to a level statistically indistinguishable from
normal within 13 to 18 weeks after the onset of glaucoma. In the transection eyes, the
optic discs were significantly less compliant (more rigid) at 5 and 9 weeks after transection
compared with the discs in either the normal or the glaucomatous eyes (Pr > F < 0.05).
Baseline Optic Disc Position. Chronic posterior deformation of the disc was detected
in one of three eyes tested 1 to 2 weeks and three of four eyes tested 3 to 4 weeks
after the onset of glaucoma (Pr > F < 0.05). Chronic posterior deformation was not
detected in the discs of either of the transection eyes at any of the post-transection
testing intervals.

Conclusion: Changes in optic disc compliance and surface position were detected
by digitized image analysis within 2 to 4 weeks of the onset of experimental glaucoma
in the monkey eye. These findings are unlikely to be due to axon loss alone, because
they did not occur in optic nerve transection eyes (which constitute a model of axon
loss in which intraocular pressures remain normal). The results suggest that IOP-related
damage to the load-bearing connective tissues of the optic nerve head may occur early
in the course of experimental glaucoma. Ophthalmology 1995,102:1800-1809
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VISUALIZATION IS A

HYPOTHESIS FORMING STEP!!




3D VISUALIZATION
of ONH Anatomy and Morphology

IS ESSENTIAL to
understanding Its complexity.




Digital 3D ONH Anatomy / Morphology / Electron Microscopy

From 2D ONH SEM 1980s To High Resolution Digital 3D HMRN
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ONH Biomechanics
Incomplete list of Contributors to the Field

Engineers

A

A Richard Hart, PhD 1995-2005

A Crawford Downs, PhD 1995-2012
A Anthony Bellezza, PhD 1995-2003
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To Build Biomechanical
Engineering Finite Element Models
of the ONH tissues we needed

high-resolution, digital 3D
Histomorphometric reconstructions
(3D HMRNSs) of the ONH

Connective Tissues




Monkey and Human ONH 3D Histomorphometric Reconstruction

Juan ReynaudyIScH crawford Downs, PhD Anthony Bellezza, PhD
ARVO i New Orleans - 2023

Ponceau S/Acid Fuchsin Block Surface Staining
Developed by Anthony Bellezza / Crawford Downs

Technically Accomplished by
Juan Reynaud,MScE

900 serial, 1.5 micron sections
900 serial, collagestained, blociace images Burgoynei 2024 Goldmanni GRS Website



Monkey and Human ONH 3D Histomorphometric Reconstruction

900 serial, 1.5 micron sections 1.5 x 1.5 micron section image pixel resolution

900 serial, collagestained, blockace images 1.5 x 1.5 x 1.5 um voxel resolution
Burgoyng2024 GoldmamgGRS Website (Human Eye Tissue Courtesy Chris Girkin, MD)
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3D Histomorphometric Review of ONH Anatomy/Morphology
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3D Histomorphometric Review of ONH Anatomy/Morphology
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3D Histomorphometric Review of ONH Anatomy/Morphology
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3D Histomorphometric Review of ONH Anatomy/Morphology
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3D Histomorphometric Review of ONH Anatomy/Morphology
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3D Histomorphometric Review of ONH Anatomy/Morphology
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3D Histomorphometric
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he ONHis much LARGERt han the Clinica

Morphologically

the lateral boundary
of the ONH is a
continuum that can be
estimated by the optic
nerve dural sheath
Insertion.
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Paradigm Change From the Clinical O0O0ptic

Helmholtz - Description of the Ophthalmoscope - 1851

BESCHREIBUNG

AUGEN-SPIEGELS

ZUK UNTERSUCHUNG

DER NETZHAUT IM LEBENDEN AUGE

H. HELMHOLTZ,

C | | n | C a I ﬁ O p t Helmholtz in 1848
conic Clinical Exam Landfm
Direct Ophthalmoscope (1851)
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Paradigm Change From the Clinical O0O0ptic

Helmholtz - Description of the Ophthalmoscope - 1851

BESCHREIBUNG
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Paradigm Change From the Clinical O0O0ptic
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Paradigm Change From the Clinical O0O0ptic

ONH Neural Canal
(RGC axon pathway through the sclera)
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Paradigm Change From the Clinical O0O0ptic

ONH Neural Canal

(3 anatomic openings)
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Paradigm Change From the Clinical O0O0ptic

ONH Retrolaminar Optic Nerve

(Retrolaminar Myelinated RGC axons)
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Paradigm Change From the Clinical O0O0ptic

ONH Peri-Neural Canal (pNC) Tissues
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(No anatomically precise lateral boundary)
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Paradigm Change From the Clinical O0O0ptic

ONH Peri-Neural Canal (pNC) Tissues
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Paradigm Change From the Clinical O0O0ptic
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Paradigm Change From the Clinical O0O0ptic
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Paradigm Change From the Clinical O0O0ptic
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The Scleral Flange and ONH Blood Flow - emphasized by Hayreh - refined by Cioffi
and others

09 IT35130SNI10 &
- B

Burgoyng2024 GoldmamgGRS Website Cioffi and Van Buskirk. The Glaucomas: Basic Science. 1996



Hayreh articulated the susceptibility of this vasculature to IOP fluctuations and its
relationship to clinical pNC- Choroidal and RPE atrophy

F1G. 4 Fluorescence fundus angiograms of right eye of a cynomolgus monkey (after experimental central retinal
artery occlusion) at normal (a) and 70 mm. Hg (b) intraocular pressures

Choroidal pigment deposit at disc margins obscures underlying fluorescence in some areas

Hayreh, BJO 2000 Cioffi, et al
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But Hayreh did not emphasize the importance of IOP -related loading of the scleral
flange connective tissues through which the small vasculature passed

Burgoyng2024 GoldmamgGRS Website Cioffi and Van Buskirk. The Glaucomas: Basic Science. 1996
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ONH Biomechanics provided a Conceptual Framework for how IOP -related connective
tissue loading could influence ONH blood flow within the Scleral Flange, Choroid and
Lamina

Available online at www.sciencedirect.com

SCIENCE(éDIHECT‘ Progress in

RETINAL sxo EYE RESEARCH

ELSEVIER Progress in Retinal and Eye Research 24 (2005) 39-73

www._elsevier.com locate/prer

(A)
The optic nerve head as a biomechanical structure: a new paradigm
for understanding the role of IOP-related stress and strain in the
pathophysiology of glaucomatous optic nerve head damage

a.b

Claude F. Burgoyne™”™, J. Crawford Downs™", Anthony J. Bellezza™",
J -K. Francis Suh®, Richard T. Hart®

*LSU Eye Center, Louisiana State University Health Sciences Center, 2020 Gravier Street, Suite B, New Orleans, LA 70112, USA

"Department of Biomedical Engineering, Tulane University, New Orleans, LA, USA

a, b * a.b

Fig. 6. IOP-related stress may have acute and chronic effects on the delivery of blood-borne nutrients to the axons within the lamina cribrosa. (A)
Abstract The blood supply to the ONH. The traditional extra-bulbar determinants of ONH laminar capillary volume flow are fluctuations in systemic blood
pressure and vasospasm. However, laminar volume flow may additionally be diminished by a compressive effect on volume flow within the branches

We propose here a conceptual framework for understanding the optic nerve head (ONH) as a biomechanical structure. Basic of the posterior ciliary arteries that penetrate to the choroid, prelaminar, laminar, and post-laminar regions from IOP-related stress within the
principles of biomechanical engineering are used to propose a central role for intraocular pressure (IOP)-related stress and strain in peripapillary sclera. Separate from these effects, IOP-related stress within each individual laminar trabecula (B and C) may have acute compressive
the physiology of ONH aging and the pathophysiology of glaucomatous damage. Our paradigm suggests that IOP-related stress and effects on laminar capillary volume flow (solid red, D). Separate from considerations of volume flow, axonal nutrition within the lamina (D) requires
strain (1) are substantial within the load-bearing connective tissues of the ONH even at low levels of I0OP and (2) underlie both ONH diffusion of nutrients from the laminar capillaries (solid red), across the endothelial and pericyte basement membranes, through the extracellular
aging and the two central pathophysiologies of glaucomatous damage—mechanical failure of the connective tissues of the lamina matrix of the laminar beam (stippled), across the basement membranes of the astrocytes (thick black), into the astrocytes (yellow), and across their
cribrosa, scleral canal wall, and peripapillary sclera, and axonal compromise within the lamina cribrosa by a variety of mechanisms. processes (not shown) to the adjacent axons (vertical lines). Chronic age-related changes in the endothelial cell and astrocyte basement membranes, as
Modeling the ONH as a biomechanical structure generates a group of testable hypotheses regarding the central mechanisms of well as IOP-induced changes in the laminar extracellular matrix and astrocyte basement membranes, may diminish nutrient diffusion to the axons in
glaucomatous damage and provides a logic for classifying the principal components of the susceptibility of an individual ONH to a the presence of a stable level of laminar capillary volume flow. Z—H = circle of Zinn-Haller; PCA = posterior ciliary arteries; NFL = nerve fiber
aiven level of TOP. layer; PLC = prelaminar region; LC = lamina cribrosa; RLC = retrolaminar region; ON = optic nerve; CRA = central retinal artery. (A) Reprinted
T 2004 Elsevier Ltd. All riehts reserved. with permission from Cioffi, G.A., Van Buskirk, E M., 1996. Vasculature of the optic nerve and peripapillary choroid. Chapter 8. In: Ritch, R.,
- Shields, M.B., Krupin, T. (Eds.), The Glaucomas, Second ed. Mosby-Year Book, St. Louis. (B) Reprinted with permission from Quigley, H.A_,
Brown, A.E., Morrison, I.D., Drance, S.M., 1990. The size and shape of the optic disc in normal human eyes. Arch. Ophthalmol. 108, 51-57,
Copyright, 1990, American Medical Association. (C) Reprinted with permission from Quigley, H.A., 1995. Overview and introduction to session on
Bu rgoyne et al. PRER 2005 connective tissue of the optic nerve in glaucoma. Chapter 2. In: Drance, S.M., Anderson, D.R. (Eds.) Optic Nerve in Glaucoma. Kugler Publications,
Amsterdam/New York. (D) Reprinted with permission from Momison, J.C., L'Hernault, N.L., Jerdan, J A, Quigley, H.A_, 1989. Ultrastructural
location of extracellular matrix components in the optic nerve head. Arch. Ophthalmol. 107, 123-129, Copyright, 1989, American Medical
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While it is still not possible to directly measure blood flow within the scleral flange,
changes in this blood supply should indirectly manifest as microvascular dropout
within, and thinning of, the juxta -canalicular choroid
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Focal lamina cribrosa defects

are not associated with steep
lamina cribrosa curvature but with
choroidal microvascular dropout

Seung Hyen Lee(?, Tae-Woo Kim?=, Eun JiLee(®?, Michaél J. A. Girard** &
Jean Martial Mari

Focal lamina cribrosa (LC) defects have been found to play animportant role in the development and
progression of glaucomatous optic neuropathy. However, the mechanism of generation of focal LC
defects is largely unknown. This cross-sectional study was performed to investigate LC curvature and
the frequency of parapapillary choroidal microvascular dropout (MvD) in glaucomatous eyes with focal
LC defects. This study was conducted by a retrospective review of patients with primary open-angle
glaucoma (POAG) included in an ongoing prospective study being performed at the Seoul National
University Bundang Hospital (Investigating Glaucoma Progression Study). A total of 118 eyes of 118
patients with POAG, 59 with and 59 without focal LC defects, eyes matched by age, axial length,
and severity of visual field (VF) damage were included. Posterior LC bowing was assessed by calculating
LC curvature index (LCCl), as the inflection of a curve representing a section of the LC, on the optic
nerve head images obtained by enhanced-depth-imaging (EDI) spectral-domain optical coherence
tomography (OCT). MvD was detected by OCT angiography. LCCl and MvD frequency were compared
between eyes with and without focal LC defects. Mean LCCl was significantly smaller than in eyes with
than without focal LC defects (9.75 +1.29 vs. 11.25 - 1.39, P < 0.001). MvD was significantly more
frequent in eyes with than without focal LC defects (84.7% vs. 49.2%, P < 0.001). MvD in eyes with focal
LC defects showed a strong topographic correlation with the focal LC defects. These findings suggest
that focal LC defects may primarily result from vascularfactors ratherthan from mechanical strain.

Lee SH, et al. Sci Reports. 2020

Figure 4. Evaluation of a focal lamina cribrosa (LC) defect and parapapillary microvasculature dropout
(MvD). (a) Disc photography where the location of the focal LC defect was determined. (b,c) Infrared images
indicating how the horizontal and radial scans were obtained. (d) Horizontal and (e) radial B-scan images
obtained along the green arrows indicated in B and C, respectively. The white arrows indicate the location of the
focal LC defect. (f) Combined image of a fundus photograph superimposed on the image obtained by optical
coherence tomography angiography (g). (g,h) Green dashed ellj ndicating optic disc margins. MvD was
defined as a focal sectoral capillary dropout with no visible microvascular network, and its area was measured
by demarcation with the built-in manual drawing tool (g, Red dotted line). The location of the MvD was
determined by measuring the angular distance of the midpoint of the MvD circumference relative to the foveal-
disc center5 a

Figure 2. Representative eyes with (a) and without a (b) a focal LC defect. (a-1, b-1) Disc photographs of
the left eye of a 75-year-old man (a), and a 50-year-old woman (b). (a-2, b-2) B-scan images obtained at the
locations indicated by the green arrows in a-1and b-1, respectively. The focal LC defect is indicated by the green
ith (a-2, red dots) than without (b-2, red dots) a focal
(a-3, b-3) and visual field damage (a-4, b-4) did not differ
s ndicate the optic disc margin, and the red arrow indicates
MvD (a-5). Note that the parapapillary MvD was located at the same sector as the focal LC defect.
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PerioNeural Canal Scleral Bowing increases with age and is inversely related to
PNC-CT in Non-Highly Myopic Health Eyes

Anterior Surface of Peripapillary Sclera ust 2019 | Vol. 60 | No. 10 | 3276

Variation of Peripapillary Scleral Shape With Age
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fence: Michael J. A. Gir- Puwrost. To define the shape of the anterior surface of the peripapillary sclera (PPS) and

mic Engincering & In evaluate its relationship with age and ocular determinants in ulation-based Chinese
(OEIL).
ical Engineer

cohort

Mernons. The optic nerve heads of 619 healthy Chinese subjects were imaged with spectral
domain optical coherence tomography. To assess the shape of the Pl ich’s membrane
(BM), we measured th cen 3 parallel to the nasal anterior PPS/BM boundary
and one parallel to th : value indicated tha /BM followed an
ed v-shaped configuration (peak pointing toward the vitreo!
llowed a v-shaped configuration (f ointing toward the orbital ti
model was used to evaluate the »nship between the PPS angle a
neters.

L = Length of BM Openi

- — B
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and the BM angle was 9.69° * 5.05°. The PPS
Accepted: Junc 18

= 0.087, P ., peripap choroidal thickness 0.479, P < 0.001),
lamina cribrosa depth (ff P < 0.001), and BM angle (f = 0.487, P < 0.001) after

shape with adjusting for best corrected visual acuity, central corneal thickness, and axial length

Vis Sci. 20

dotorg/10.116 P Coxcuusioxs. The anterior surface of PPS of an elderly adult population had a v-shaped
configuration and was m »unced with increasing age, thin peripapillary choroid, and
a deep cup. Such a change in shape with age could have an impact on the biomechanical
environment of the optic nerve head

Keywords: peripapillary sclera, age, choroidal thickness, laminar depth

ICLNCIEC IRV  Figure 1. Illustration of measurement of Bruch’'s membrane angle and of the peripapillary scleral angle. (A) Illustration of a v-shaped Bruch’s
membrane angle, o; (B) lllustration of an inverted-v shaped PPS angle, 0(—); (C) The measurement of the depth of anterior surface of the lamina
cribrosa (LC depth) from the peripapillary sclera reference plane; (D) Illustration of a v-shaped PPS angle, 0().
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PerioNeural Canal Scleral Bowing ( pNC-SB) Increases with Age and
Colocalizes with Choroidal Thinning in Normal and Highly Myopic Eyes

Scleral Bowing Increases v :
ated with Peripapillar
kness in Healthy Eyes

O HONG, STUART K. GARDINER,

JIN WOOK JEOUNG, CHRISTY HARDIN, GLEN P. SHARPE, KOU NOURI-MAHDAVI, JOSEPH CAPRIOLI,
SHABAN DEMIREL LHRISTOI’HERA GIRKIN, JEFFREY M. LIEBMANN 5

LLAUDE F. BURGOYNE
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