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Professor Hans Goldmann – Invention – Design – 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  
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  Previous Unrestricted research support 
  Previous Consultant – no personal income, no intellectual property
  No travel support or honorarium for this talk 
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Past Funding
Optic Nerve Head Research Laboratory (ONHRL)

NIH R01EY011610 - NHP ONH Aging and Experimental Glaucoma, PI 

NIH R01EY021281 - ONH OCT in Glaucoma, PI 

NIH R01EY029087- ONH Glymphatics / Debris Clearance in Glaucoma, Co-I (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 – Bright Focus Award Monies

American Glaucoma Society – Mid-Career Award Monies

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

Heidelberg Engineering – Instruments and Unrestricted Research Support
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Burgoyne – DEI ONHRL  

Devers Eye Institute – Discoveries in Sight  Collaborators

Brad Fortune OD, PhD Shaban Demirel BScOptom, PhD Stuart Gardiner, PhD Steve Mansberger, MD  MPHLin Wang, MD,  PhD

Devers Eye Institute (DEI) 
Optic Nerve Head Research Laboratory (ONHRL) Collaborators

Jack Cioffi, MD

Burgoyne–2024 Goldmann–GRS Website
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Harry Quigley 1990 Lecture at Armed Forces Institute of Pathology – Washington, DC

I was filled with a confluence of excitement / enthusiasm / gratitude and urgency!

Burgoyne–2024 Goldmann–GRS Website



Harry Quigley 1990 Lecture at Armed Forces Institute of Pathology – Washington, DC

I felt that my exposure to Architecture and Engineering had prepared me to study these tissues – 
and now knew the next step for doing so….. 

Burgoyne–2024 Goldmann–GRS Website



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

Longitudinal in-vivo ONH surface 
hypercompliance then stiffening in Monkey 
early-endstage experimental glaucoma eyes.  

Burgoyne, et al, Ophthalmology 1995 Burgoyne, et al, Ophthalmology 1995

Burgoyne–2024 Goldmann–GRS Website



Progressive Stiffening (only) in Transection Eyes

Burgoyne, et al, Ophthalmology 1995 Burgoyne, et al, Ophthalmology 1995

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

Burgoyne–2024 Goldmann–GRS Website



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

Burgoyne, et al, Ophthalmology 1995 Burgoyne, et al, Ophthalmology 1995

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

Burgoyne–2024 Goldmann–GRS Website



I wanted to generate digital 3D Optic Nerve Head 
Anatomy / Morphology / Electron Microscopy  

Burgoyne, et al, Ophthalmology 1995 Burgoyne, et al, Ophthalmology 1995

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

Burgoyne–2024 Goldmann–GRS Website
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VISUALIZATION IS A 
HYPOTHESIS FORMING STEP!!!

Burgoyne–2024 Goldmann–GRS Website



3D VISUALIZATION 
of ONH Anatomy and Morphology 

is ESSENTIAL to 
understanding its complexity.

Burgoyne–2024 Goldmann–GRS Website



From 2D ONH SEM 1980s

Digital 3D ONH Anatomy / Morphology / Electron Microscopy 

To High Resolution Digital 3D HMRN
Burgoyne–2024 Goldmann–GRS Website



Engineers
• Ross Ethier, PhD 

• Richard Hart, PhD 1995-2005

• Crawford Downs, PhD 1995-2012

• Anthony Bellezza, PhD 1995-2003

• Ian Sigal, PhD

• Michael Girard, PhD

• Hongli Yang, PhD

• Rafael Grytz, PhD

• Michael Roberts, PhD

• Massimo Fazio, PhD

• Vick Nguyen, PhD

• Baptiste Coudrillier, PhD

• Jonathan Vande Geest, PhD

• Andrew Feola, PhD

• Bryan Samuels, MD, PhD

• Jun Liu, PhD

ONH Biomechanics
Incomplete list of Contributors to the Field

Richard Hart, PhD

Chairman Department of 

Biomechanical Engineering

Tulane University – New Orleans, LA

 

Crawford Downs, PhD Anthony Bellezza, PhD 

ARVO – New Orleans -  2023

In New Orleans in 1995 I was given the
Gift of a Generous Engineering Collaborator

Burgoyne–2024 Goldmann–GRS Website



To Build Biomechanical 
Engineering Finite Element Models 

of the ONH tissues  we needed 
high-resolution, digital 3D 

Histomorphometric reconstructions 
(3D HMRNs) of the ONH 

Connective Tissues

Burgoyne–2024 Goldmann–GRS Website



Monkey and Human ONH 3D Histomorphometric Reconstruction

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

Technically Accomplished by 
Juan Reynaud, MScE

Crawford Downs, PhD Anthony Bellezza, PhD 
ARVO – New Orleans -  2023

Juan Reynaud, MScE

900 serial, 1.5 micron sections
900 serial, collagen-stained, block-face images

6 mm ONH trephine

     

Burgoyne–2024 Goldmann–GRS Website



900 serial, 1.5 micron sections
900 serial, collagen-stained, block-face images

Monkey and Human ONH 3D Histomorphometric Reconstruction

1.5 x 1.5 micron section image pixel resolution
1.5 x 1.5 x 1.5 µm voxel resolution

(Human Eye Tissue Courtesy Chris Girkin, MD)Burgoyne–2024 Goldmann–GRS Website



Burgoyne
2024 Goldman
GRS Website
Human Eye Courtesy Chris Girkin, MD 

Click Here for Human Eye Digital Serial 

Block-Face Section Images
From Vitreous through the orbital optic nerve

PENDING AS OF 111524 



BMO

3D Histomorphometric Review of ONH Anatomy/Morphology

Burgoyne–2024 Goldmann–GRS Website



BMO

Penetrating PCAs to Laminar Beams and 
Juxtacanalicular-Choroid

3D Histomorphometric Review of ONH Anatomy/Morphology
pNC-Scleral Collagen-Elastin 

Ring

Burgoyne–2024 Goldmann–GRS Website



BMO

Penetrating PCAs to Laminar Beams and 
Juxtacanalicular-Choroid

Cioffi and Van Buskirk. The Glaucomas: Basic Science. 1996

Penetrating 
Laminar 

Beam

Arterial

Penetrating 
Juxtacanalicular 

Choroidal 

Arterial

3D Histomorphometric Review of ONH Anatomy/Morphology
pNC-Scleral Collagen-Elastin 

Ring
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BMO

Penetrating PCAs to Laminar Beams and 
Juxtacanalicular-Choroid

Circle of Zinn-Haller

Sub-
Arachnoid 

space

Pial
Sheath

3D Histomorphometric Review of ONH Anatomy/Morphology
pNC-Scleral Collagen-Elastin 

Ring
pNC-Scleral Collagen-Elastin

 Ring
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BMO

Penetrating PCAs to Laminar Beams and 
Juxtacanalicular-Choroid

Circle of Zinn-Haller

Sub-
Arachnoid 

space

Dural Sheath Collagen-Elastin Ring

Circle of Zinn-Haller

Sub-
Arachnoid 

space

Pial
Sheath

3D Histomorphometric Review of ONH Anatomy/Morphology
pNC-Scleral Collagen-Elastin 

Ring
pNC-Scleral Collagen-Elastin

 Ring
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BMO
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3D Histomorphometric Review of ONH Anatomy/Morphology
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 Ring
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3D Histomorphometric Review of ONH Anatomy/Morphology

BMO

Penetrating PCAs to Laminar Beams and 
Juxtacanalicular-Choroid

Circle of Zinn-Haller

Sub-
Arachnoid 

space

Dural Sheath Collagen-Elastin Ring

Circle of Zinn-Haller

Sub-
Arachnoid 

space

Pial
Sheath

Dural Sheath Collagen-Elastin Ring

Sub-
Arachnoid 

Space
360 Projected Dural Sheath Insertion

BMO

pNC-Scleral Collagen-Elastin 
Ring

pNC-Scleral Collagen-Elastin
 Ring

Burgoyne–2024 Goldmann–GRS Website



The ONH is much LARGER than the Clinical “Optic Disc”

Morphologically 
the lateral boundary 

of the ONH is a 
continuum that can be 
estimated by the optic 

nerve dural sheath 
insertion.

Burgoyne–2024 Goldmann–GRS Website



The ONH is much LARGER than the Clinical “Optic Disc”

Biomechanically 
the ONH should 
include the pNC-

collagen-elastin ring, 
the posterior ciliary 
vasculature and the 
retrolaminar dural 

sheath and optic nerve

Burgoyne–2024 Goldmann–GRS Website



Paradigm Change From the Clinical “Optic Disc” to ONH Anatomic  Terminology

•Clinical “Optic Disc”
Iconic Clinical Exam Landmark since Helmholtz’s 

Direct Ophthalmoscope (1851) 

Burgoyne–2024 Goldmann–GRS WebsiteBurgoyne–2024 Goldmann–GRS Website



•Clinical “Optic Disc”
Iconic Clinical Exam Landmark since Helmholtz’s 

Direct Ophthalmoscope (1851) 

•No Consistent Anatomic Foundation by 

Histology / OCT

Paradigm Change From the Clinical “Optic Disc” to ONH Anatomic  Terminology

Burgoyne–2024 Goldmann–GRS Website



NT

•Histologic

•Bruch’s Membrane Opening (BMO)

•(ONH neural canal entrance)
•OCT-Detected BMO

•(ONH neural canal entrance)

Estimated Location

Sectioning Plane

Paradigm Change From the Clinical “Optic Disc” to ONH Anatomic  Terminology

Burgoyne–2024 Goldmann–GRS Website



NT

•ONH Neural Canal

•(RGC axon pathway through the sclera)

BMO – Bruch’s Membrane Opening

ASCO – Anterior Scleral Canal Opening

PSCO – Posterior Scleral Canal Opening

Neural Canal

•OCT-Detected BMO

•(ONH neural canal entrance)

Estimated Location

Sectioning Plane

Paradigm Change From the Clinical “Optic Disc” to ONH Anatomic  Terminology
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N

•ONH Neural Canal

•(3 anatomic openings)

BMO – Bruch’s Membrane Opening

ASCO – Anterior Scleral Canal Opening

PSCO – Posterior Scleral Canal Opening

•OCT-Detected BMO

•(ONH neural canal entrance)

Estimated Location

Sectioning Plane

Paradigm Change From the Clinical “Optic Disc” to ONH Anatomic  Terminology
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N

•ONH Retrolaminar Optic Nerve

•(Retrolaminar Myelinated RGC axons)

BMO – Bruch’s Membrane Opening

ASCO – Anterior Scleral Canal Opening

PSCO – Posterior Scleral Canal Opening

Retrolaminar Optic Nerve (axon myelination)

•OCT-Detected BMO

•(ONH neural canal entrance)

Estimated Location

Sectioning Plane

Paradigm Change From the Clinical “Optic Disc” to ONH Anatomic  Terminology

Burgoyne–2024 Goldmann–GRS Website



NT

•ONH Peri-Neural Canal (pNC) Tissues

•Retina – Choroid – Sclera

•(No anatomically precise lateral boundary)

BMO – Bruch’s Membrane Opening

ASCO – Anterior Scleral Canal Opening

PSCO – Posterior Scleral Canal Opening

Neural Canal

•OCT-Detected BMO

•(ONH neural canal entrance)

Estimated Location

Sectioning Plane

Paradigm Change From the Clinical “Optic Disc” to ONH Anatomic  Terminology
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NT

•ONH Peri-Neural Canal (pNC) Tissues

•Retina – Choroid – Sclera

•(No anatomically precise lateral boundary)

BMO – Bruch’s Membrane Opening

ASCO – Anterior Scleral Canal Opening

PSCO – Posterior Scleral Canal Opening

Neural Canal

•Distinguishes the tissues adjacent to 

the ONH neural canal from those of 

the Posterior Scleral Shell and Macula

•OCT-Detected BMO

•(ONH neural canal entrance)

Estimated Location

Sectioning Plane

Paradigm Change From the Clinical “Optic Disc” to ONH Anatomic  Terminology
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NT

•ONH Peri-Neural Canal (pNC) Tissues

•Retina – Choroid – Sclera

•(No anatomically precise lateral boundary)

BMO – Bruch’s Membrane Opening

ASCO – Anterior Scleral Canal Opening

PSCO – Posterior Scleral Canal Opening

Neural Canal

•Replaces the clinical term “para” or 

“peripapillary” because the “papilla” or “optic 

disc” has no consistent anatomic foundation.

•OCT-Detected BMO

•(ONH neural canal entrance)

Estimated Location

Sectioning Plane

Paradigm Change From the Clinical “Optic Disc” to ONH Anatomic  Terminology
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NT

•ONH Juxta-Canalicular Tissues

•Retina – Choroid – Sclera 

•(Immediately adjacent to/abutting the neural 

canal)

BMO – Bruch’s Membrane Opening

ASCO – Anterior Scleral Canal Opening

PSCO – Posterior Scleral Canal Opening

Neural Canal

•The “juxta-canalicular” pNC-tissues are 

immediately adjacent to or abut the 

neural canal wall

•OCT-Detected BMO

•(ONH neural canal entrance)

Estimated Location

Sectioning Plane

Paradigm Change From the Clinical “Optic Disc” to ONH Anatomic  Terminology

Burgoyne–2024 Goldmann–GRS Website

•ONH Juxta-Canalicular Tissues

•Retina – Choroid – Sclera 

•(Immediately adjacent to/abutting the neural canal)



NT

•ONH Juxta-Canalicular Tissues

•Scleral Flange 
•(pNC-sclera internal to the Dural Sheath Insertion)

BMO – Bruch’s Membrane Opening

ASCO – Anterior Scleral Canal Opening

PSCO – Posterior Scleral Canal Opening

Neural Canal

•OCT-Detected BMO

•(ONH neural canal entrance)

Estimated Location

Sectioning Plane

Paradigm Change From the Clinical “Optic Disc” to ONH Anatomic  Terminology

Burgoyne–2024 Goldmann–GRS Website



•“Normal” •“Highly Myopic / Staphylomatous”•“Normal”

•Scleral flange is 1/3rd to 1/2

perineural canal 

•scleral thickness

•Dural sheath adds 1/2  to 

2/3rds peripapillary scleral 

•thickness

Jonas’ histologic concept of the  scleral flange - defined by the dural 
sheath insertion in “normal” eyes

Burgoyne–2024 Goldmann–GRS Website



•“Normal” •“Highly Myopic / Staphylomatous”•“Normal”

•Scleral flange is 1/3rd to 1/2

perineural canal 

•scleral thickness

•Dural sheath adds 1/2  to 

2/3rds peripapillary scleral 

•thickness

Jonas’ also described profound scleral flange thinning, stretching and 
bowing in  “highly myopic” eyes
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•Small penetrating Posterior Ciliary arterioles pass through the

• scleral flange to supply the juxta-canalicular choroid and laminar beams

NT

Cioffi and Van Buskirk. The Glaucomas: Basic Science. 1996

The Scleral Flange and ONH Blood Flow - emphasized by Hayreh - refined by Cioffi
 and others
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Hayreh, BJO 2000

Hayreh articulated the susceptibility of this vasculature to IOP fluctuations and its 
relationship to clinical pNC- Choroidal and RPE atrophy 
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Cioffi and Van Buskirk. The Glaucomas: Basic Science. 1996

NT

•Small penetrating arterioles pass through the scleral flange

to supply the juxta-canalicular choroid and laminar beams

But Hayreh did not emphasize the importance of IOP-related loading of the scleral 
flange connective tissues through which the small vasculature passed 
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Cioffi and Van Buskirk. The Glaucomas: Basic Science. 1996

NT

•Small penetrating arterioles pass through the scleral flange

to supply the juxta-canalicular choroid and laminar beams

In 1993 - “Mechanical” versus ”Vascular” Conceptual Warfare Confounded 
Glaucoma Research and Clinical Practice
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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

“Figure 6: IOP-related stress may have acute and chronic effects on the 
delivery of blood-borne nutrients to the axons within the Lamina cribrosa.”

Burgoyne et al. PRER 2005
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Cioffi and Van Buskirk. The Glaucomas: Basic Science. 1996

NT

•Small penetrating arterioles pass through the scleral flange

to supply the juxta-canalicular choroid and laminar beams

Specifically hypothesizing that “IOP-related” and “Vascular” risk factors could be 
expected to interact within these tissues in “Aging”, “Glaucoma” and “High Myopia”  

Aging

Glaucoma

High Myopia

Burgoyne–2024 Goldmann–GRS Website



Lee SH, et al. Sci Reports. 2020

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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Peri–Neural Canal Scleral Bowing increases with age and is inversely related to 
pNC-CT in Non-Highly Myopic Health Eyes

Tun et al. IOVS. 2019 
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Peri–Neural Canal Scleral Bowing (pNC-SB) Increases with Age and 
Colocalizes with Choroidal Thinning in Normal and Highly Myopic Eyes

Wang et al. AJO. 2020 Burgoyne et al. AJO. 2023

Burgoyne–2024 Goldmann–GRS Website



NT

•Schematically-Depicted 

•pNC-Scleral Circumferential Collagen/Elastin Ring

pNC-Scleral 

Collagen/Elastin

Ring

But even before the scleral flange – the vascular Circle of Zinn Haller passes through 
the Circumferential Collagen / Elastin Ring

pNC-Scleral 

Collagen/Elastin

Ring
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NT

•Which is a central determinant of 

•ONH Biomechanical Loading and Behavior

pNC-Scleral 

Collagen/Elastin

Ring

pNC-Scleral 

Collagen/Elastin

Ring

The pNC-Scleral Circumferential Collagen/Elastin Ring
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NT

•The laminar beams insert into the  

•Circumferential Collagen/Elastin Ring

pNC-Scleral 

Collagen/Elastin

Ring

pNC-Scleral 

Collagen/Elastin

Ring

The pNC-Scleral Circumferential Collagen/Elastin Ring
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NT

•Eye-specific architecture and material 

properties likely highly variable and affected by 

age-related/glaucomatous/myopic remodeling

pNC-Scleral 

Collagen/Elastin

Ring

pNC-Scleral 

Collagen/Elastin

Ring

The pNC-Scleral Circumferential Collagen/Elastin Ring
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•Schematically Depicted

•pNC-Scleral Collagen Ring  

Dural Sheath Circumferential Collagen Ring  / Peri-
Neural Canal (pNC) Scleral Collagen Ring Are 

Contiguous

NpNC-Scleral 

Collagen/Elastin

Ring

pNC-Scleral 

Collagen/Elastin

Ring

The pNC-Scleral and Dural Circumferential Collagen/Elastin Ring are contiguous
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•Schematically Depicted

•pNC-Scleral Collagen Ring  

NpNC-Scleral 

Collagen/Elastin

Ring

pNC-Scleral 

Collagen/Elastin

Ring

Biomechanically the Dural Sheath Circumferential 
Collagen Ring and the Peri-Neural Canal Scleral Collagen 

Ring may behave as one structure  

The pNC-Scleral and Dural Circumferential Collagen/Elastin Ring are contiguous
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•Demer. IOVS. 2016 •Wang, et al. IOVS. 2016

Eye-movement (Dural Sheath) related changes in IOP-related loading of the human 
pNC–Sclera and Scleral Flange may contribute to ONH susceptibility in Aging, Myopia 
and Glaucoma????
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The Circumferential Collagen/Elastin Ring may be much more complicated than this

•Appears Circumferential 

•but may be  

•Tangential (?)

•Appears Circumferential 

•but may be  

•Tangential (?)Burgoyne–2024 Goldmann–GRS Website



pNC-Scleral 

Collagen/Elastin

Ring

pNC-Scleral 

Collagen/Elastin

Ring

pNC-Scleral 

Collagen/Elastin

Ring

pNC-Scleral 

Collagen/Elastin

Ring

NT

•Underlies the 

•“Laminar/Scleral Dynamic”

pNC-Scleral 

Collagen/Elastin

Ring

pNC-Scleral 

Collagen/Elastin

Ring

Circumferential Collagen/Elastin Ring importantly contributes to the 
“laminar/scleral” dynamic
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Laminar /Scleral Dynamic – IOP related direct/indirect laminar effects 
Circumferential Collagen/Elastin Ring likely underlies the “laminar/scleral” dynamic
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Yang et al. IOVS. 2009  

Courtesy Ian Sigal

Monkeys post-mortem 3D histomorphometry

Sigal, et al, IOVS 2005

Human Cadaver Eye Finite Element Models

Circumferential Collagen/Elastin Ring likely underlies the “laminar/scleral” dynamic
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The optic nerve head in Glaucoma

A primary site of injury to the RGC axon in glaucoma – by multiple mechanisms – at all all levels of IOP
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A primary site of injury to the RGC axon in glaucoma – by multiple mechanisms – at all all levels of IOP

A complex and challenging biomechanical environment - at all levels of IOP 

(A) Reprinted with permission from Arch Ophthalmol 1969;82:506-530. Copyright © 1969 American Medical Association. All rights reserved.36 (B) Reprinted with permission from Journal of glaucoma By Lippincott 

Williams & Wilkins, J Glaucoma 2008;17:318-328.37 (C) reprinted with permission from Dr G. A. Cioffi. In: The Glaucomas. Mosby: Basic Sciences; 1996:177–197.38 (D) Reprinted with permission from Optic 

Nerve in Glaucoma. Amsterdam: Kugler Publications; 1995:15–36.39 (E) Reprinted with permission from Arch Ophthalmol 1990;108:51–57. Copyright © 1990 American Medical Association. All rights reserved.40 

(F) Reprinted with permission from Arch Ophthalmol 1989;107:123–129. Copyright © 1989 American Medical Association. All rights reserved.41 (G, H) Reprinted with permission from Journal of glaucoma By 

Lippincott Williams & Wilkins, J Glaucoma 2008;17:318-328.37

The optic nerve head in Glaucoma
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Courtesy Doug Anderson

Normal Monkey, 23 hours post intravitreal 3H Leucine - IOP 50 mm HG

Courtesy Don Minckler

Optic Disc
(Clinically Visible Surface)

           

Optic Nerve Head
(Entire Dynamic Structure)

As demonstrated by a series of important axon transport studies 
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Courtesy Doug Anderson

Normal IOP (Physiologic Blockade)

Optic Disc
(Clinically Visible Surface)

           

Optic Nerve Head
(Entire Dynamic Structure)

As demonstrated by a series of important axon transport studies 
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Courtesy Doug Anderson

Normal IOP (Physiologic Blockade)

Acute and chronic IOP elevation

Optic Disc
(Clinically Visible Surface)

           

Optic Nerve Head
(Entire Dynamic Structure)

As demonstrated by a series of important axon transport studies 
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Courtesy Doug Anderson

Normal IOP (Physiologic Blockade)

Acute and chronic IOP elevation

Mouse, rat, pig, dog, cat, monkey, human

Optic Disc
(Clinically Visible Surface)

           

Optic Nerve Head
(Entire Dynamic Structure)

As demonstrated by a series of important axon transport studies 
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Courtesy Doug Anderson

Normal IOP (Physiologic Blockade)

Acute and chronic IOP elevation

Mouse, rat, pig, dog, cat, monkey, human

Multiple Investigators – Important Studies

 • Minckler and Bunt

• Anderson

• Quigley

• Howell, John, Jakobs, Marsh-Armstrong, Calkins

• Morrison and Johnson

• James Morgan 

• Bill Morgan

• many others 

Optic Disc
(Clinically Visible Surface)

           

Optic Nerve Head
(Entire Dynamic Structure)

As demonstrated by a series of important axon transport studies 
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Lateral Geniculate (LGN)  / Superior Colliculus (SC)

But what about the RGC soma  / Peripheral RGC Synapse???

Retinal Ganglion Cell

(RGC) and non RGC Retina

• Weber – RGC Dendritic Shrinkage

• Cordeiro – Prevent RGC Dendritic shrinkage

• Leung – In vivo Imaging Dendritic shrinkage

• Yucel /Gupta – LGN changes in monkey/human glaucoma  

• Quigley – preferential layer change in LGN 

• Calkins – pre-synaptic pruning precedes ONH change  - mice
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Lateral Geniculate (LGN)  / Superior Colliculus (SC)

Retinal Ganglion Cell

(RGC) and non RGC Retina

• Yucel /Gupta – LGN changes in monkey/human glaucoma  

• Quigley – preferential layer change in LGN 

• Calkins – pre-synaptic pruning precedes ONH change  - mice

• Weber – RGC Dendritic Shrinkage

• Cordeiro – Prevent RGC Dendritic shrinkage

• Leung – In vivo Imaging Dendritic shrinkage

Many studies report  important 

pathophysiologies within both 

tissues that may precede or 

coincide with ONH change. 

But what about the RGC soma  / Peripheral RGC Synapse???
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Lateral Geniculate (LGN)  / Superior Colliculus (SC)

Retinal Ganglion Cell

(RGC) and non RGC Retina

• Yucel /Gupta – LGN changes in monkey/human glaucoma  

• Quigley – preferential layer change in LGN 

• Calkins – pre-synaptic pruning precedes ONH change  - mice

• Weber – RGC Dendritic Shrinkage

• Cordeiro – Prevent RGC Dendritic shrinkage

• Leung – In vivo Imaging Dendritic shrinkage

From a Biomechanical Standpoint

The RGC soma, the LGN and SC are 

POTENTIAL SITES OF IMPORTANT, 

TREATABLE  SOMAL/AXONAL 

PATHOPHYSIOLOGY BUT THEY ARE

 NOT THE CAUSE OF ONH 

PATHOPHYSIOLOGY

But what about the RGC soma  / Peripheral RGC Synapse???
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Lateral Geniculate (LGN)  / Superior Colliculus (SC)

Retinal Ganglion Cell

(RGC) and non RGC Retina

• Yucel /Gupta – LGN changes in monkey/human glaucoma  

• Quigley – preferential layer change in LGN 

• Calkins – pre-synaptic pruning precedes ONH change  - mice

• Weber – RGC Dendritic Shrinkage

• Cordeiro – Prevent RGC Dendritic shrinkage

• Leung – In vivo Imaging Dendritic shrinkage

No primary experimental insult to 

the RGC, LGN or SC 

 has been shown to generate a 

“glaucomatous” optic neuropathy. 

But what about the RGC soma  / Peripheral RGC Synapse???
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Lateral Geniculate (LGN)  / Superior Colliculus (SC)

Retinal Ganglion Cell

(RGC) and non RGC Retina

• Yucel /Gupta – LGN changes in monkey/human glaucoma  

• Quigley – preferential layer change in LGN 

• Calkins – pre-synaptic pruning precedes ONH change  - mice

• Weber – RGC Dendritic Shrinkage

• Cordeiro – Prevent RGC Dendritic shrinkage

• Leung – In vivo Imaging Dendritic shrinkage

More Specifically – 

No primary experimental insult to 

any of these sites has ever created  

“glaucomatous” “cupping” of the 

ONH. 

But what about the RGC soma  / Peripheral RGC Synapse???
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• FoBMO qIHC and 3D SBEM in Monkey EG
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Claude Burgoyne, MD
Emeritus Van Buskirk Chair in Ophthalmic Research

Past-Director, Optic Nerve Head Research Laboratory
Legacy Devers Eye Institute

Portland, OR
cfburgoyne@gmail.org

The Goldmann Lecture
2024 Glaucoma Research Society Meeting

Siam Reap, Cambodia

November 15, 2024

How Optic Nerve Head Biomechanics has Clarified 
the Defining Pathophysiology and OCT Structural 

Phenotype of Human Glaucoma

…and how has

ONH Biomechanics 

clarified it ???

So what defines a glaucomatous optic neuropathy?
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1982 1997 1999 2001

“Glaucomatous” cupping is a defining clinical feature of a glaucomatous optic neuropathy 
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1982 1997 1999 2001

“Glaucomatous” cupping is a defining clinical feature of a glaucomatous optic neuropathy 

But it is NOT the 

pathophysiology itself!!!!
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1982 1997 1999 2001

“Glaucomatous” cupping is a defining clinical feature of a glaucomatous optic neuropathy 

But it is NOT the 

pathophysiology itself!!!!

It is a clinical manifestation of 

the defining pathophysiology
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In the same way -the clinical patterns of RGC axon bundle damage and visual field 
loss are also clinical manifestations of the defining pathophysiology

Optic Disc
(Clinically Visible Surface)

           

Courtesy Doug Anderson
1997

2001

Not the pathophysiology 

itself!!!!
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A Deliberately Controversial Premise

It’s the optic nerve head connective tissues /cells not the RGC 

soma/axons that define both the clinical appearance (cupping) 

and behavior (pattern of RGC axon/visual field loss) in a 

glaucomatous optic neuropathy.

Burgoyne – DEI ONHRL  Burgoyne–2024 Goldmann–GRS Website



Altered ONH connective tissue mechanobiology is the defining 

pathophysiology of a glaucomatous optic neuropathy at 

whatever level of IOP it occurs. 

Burgoyne – DEI ONHRL  

ONH Biomechanics clarifying contribution to this Discussion
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“Mechanobiology” links cellular and tissue behavior to the 

surrounding biomechanical environment they directly experience

Mechanobiology – a definition
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ONH Mechanobiology in Glaucoma is Unique

While ONH connective tissue mechanobiology (itself) may be 

altered by all forms of optic neuropathy in which the RGC 

somas and or axons are damaged primarily………………
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ONH Mechanobiology in Glaucoma is Unique

While ONH connective tissue mechanobiology (itself) may be 

altered by all forms of optic neuropathy in which the RGC 

somas and or axons are damaged primarily………………

To date no form of primary insult to the RGC soma or axons 

produces a “glaucomatous” form of connective tissue 

deformation / remodeling / repair and/or failure.
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ONH Mechanobiology in Glaucoma is Unique

While ONH connective tissue mechanobiology (itself) may be 

altered by all forms of optic neuropathy in which the RGC 

somas and or axons are damaged primarily………………

To date no form of primary insult to the RGC soma or axons 

produces a “glaucomatous” form of connective tissue 

deformation / remodeling / repair and/or failure.

NONE
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ONH Mechanobiology in Glaucoma is Unique

While ONH connective tissue mechanobiology (itself) may be 

altered by all forms of optic neuropathy in which the RGC 

somas and or axons are damaged primarily………………

To date no form of primary insult to the RGC soma or axons 

produces a “glaucomatous” form of connective tissue 

deformation / remodeling / repair and/or failure.

I will talk more about this in a moment
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Three Monkey Experimental Optic Neuropathy Models that do 
not create “Glaucomatous” Cupping because the ONH 
connective tissues do not deform / remodel / repair or fail.

Endothelin

(ischemia vs astrocyte activation????)

No glaucomatous “Cupping”

Surgical Optic Nerve Transection

(primary RGC axotomy)

No Glaucomatous “Cupping”

Primary CSF Lowering

(increased translaminar pressure difference)

(without elevated IOP-related scleral effects)

No Glaucomatous “Cupping”

Brooks et al. IOVS. 2004 Yang et al. IOVS. 2014 Ing et al. IOVS. 2016
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3D Manual Segmentation of ONH landmarks/surfaces
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3D Histomorphometric ONH Structural Phenotyping in Monkey Glaucoma

Hongli Yang, PhD

Yang et al. PRER 2017

Our strategies for Structurally 

Phenotypying the optic 

neuropathy of experimental 

glaucoma in the monkey eye 

using

 3D Histomorphometry  

have been lead by 

Hongli Yang, PhD 

and are summarized in this 2017 

PRER review paper.
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ONH Connective Tissue Change – Early through Severe Experimental Glaucoma

Control Eye
Central Vertical Digital Section Image 

Experimental Glaucoma Eye
Central Vertical Digital Section Image

NHP1

NHP2

NHP3

NHP4

NHP1

NHP2

NHP3

NHP4
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NHP1

NHP2

NHP3

NHP4

NHP1

NHP2

NHP3

NHP4

Early Laminar Deformation

ONH Connective Tissue Change – Early Experimental Glaucoma

Control Eye
Central Vertical Digital Section Image 

Experimental Glaucoma Eye
Central Vertical Digital Section Image
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NHP1

NHP2

NHP3

NHP4

NHP1

NHP2

NHP3

NHP4

Early Laminar DeformationEarly Laminar Thickening

ONH Connective Tissue Change – Early Experimental Glaucoma

Control Eye
Central Vertical Digital Section Image 

Experimental Glaucoma Eye
Central Vertical Digital Section Image
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NHP1

NHP2

NHP3

NHP4

NHP1

NHP2

NHP3

NHP4

Early Laminar Insertion Migration

ONH Connective Tissue Change – Early Experimental Glaucoma

Control Eye
Central Vertical Digital Section Image 

Experimental Glaucoma Eye
Central Vertical Digital Section Image
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NHP1

NHP2

NHP3

NHP4

NHP1

NHP2

NHP3

NHP4

Progressive Laminar Deformation

ONH Connective Tissue Change – Progressive Experimental Glaucoma

Control Eye
Central Vertical Digital Section Image 

Experimental Glaucoma Eye
Central Vertical Digital Section Image 
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NHP1

NHP2

NHP3

NHP4

NHP1

NHP2

NHP3

NHP4

Progressive  Thinning of  the Thickened Lamina 

ONH Connective Tissue Change – Progressive Experimental Glaucoma

Control Eye
Central Vertical Digital Section Image 

Experimental Glaucoma Eye
Central Vertical Digital Section Image
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NHP1

NHP2

NHP3

NHP4

NHP1

NHP2

NHP3

NHP4

Progressive  Migration  of  the  Lamina into the Pial Sheath

ONH Connective Tissue Change – Progressive Experimental Glaucoma

Control Eye
Central Vertical Digital Section Image 

Experimental Glaucoma Eye
Central Vertical Digital Section Image
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Laminar Microarchitecture Change in Monkey Early Experimental Glaucoma is complex, profound and 
EG eye-specific 

Lockwood, et al. IOVS. 2015 Reynaud, et al. IOVS. 2015
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pNC / Posterior Scleral Connective Tissue Change – is also complex, eye 
specific and related to baseline geometry and material properties
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3D OCT ONH Structural Phenotyping in Monkey Experimental Glaucoma 

Hongli Yang, PhD

Our strategies for Structurally 

Phenotyping the optic neuropathy 

of experimental glaucoma in the 

monkey eye using 

3D OCT 

have also been lead by 

Hongli Yang, PhD 

and are also summarized in this 

2017 PRER review paper.

Yang et al. PRER 2017
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• We may never need more than topographically-correspondent:
• ONH Rim / pNC-RNFLT and Macular Retinal Thickness parameters

• ROTA and other higher order analyses of the RNFL signal 

• OCT Angiography

• AI derivations thereof

• But to detect early ONH connective tissue alterations that may 
precede/predict subsequent RGC axon/rim/retinal change we 
needed parameters to characterize and stage deep ONH 
connective tissue structural normality and abnormality in 
Glaucoma

3D OCT ONH Structural Phenotyping in Human Glaucoma 
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• We may never need more than topographically-correspondant
• ONH Rim / pNC-RNFLT and Macular Retinal Thickness parameters

• Chris Leung’s ROTA analysis may be importantly additive to above

• Angiography may be further additive

• AI derivations thereof

• But to cross-sectionally or longitudinally detect early ONH 
connective tissue alterations that may precede/predict 
subsequent RGC axon/rim/retinal change  - parameters to 
characterize and stage deep ONH connective tissue structural 
normality and abnormality in Glaucoma are needed

3D OCT ONH Structural Phenotyping in Human Glaucoma 
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• Many investigators and studies are now detecting phenomenon 
in human eyes that are evidence of the structural remodeling or 
failed remodeling we have described in Monkeys

• Our own work focused on understanding human OCT-detected 
ONH anatomy and parameterizing it in a way that can be 
deployed in cross-sectional and longitudinal studies

3D OCT ONH Structural Phenotyping in Human Glaucoma 
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• Laminar Depth / Curvature / Shape

• Laminar Anterior Insertion Migration

• Laminar Thickness

• Laminar Defects / Disinsertions

• Laminar Micro-architecture

• pNC-Hemorrhages and Choroidal Microvascular Drop Out 

• pNC-Scleral Flange Remodeling

• pNC–Scleral Bowing 

• pNC–Choroidal Thinning 

3D OCT Deep ONH Structural Phenotyping in Human Glaucoma is 
detecting Human ONH Mechanobiology in action!!!
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• pNC-Scleral Flange Remodeling

• pNC–Scleral Bowing 

• pNC–Choroidal Thinning 

3D OCT Deep ONH Structural Phenotyping in Human Glaucoma is 
detecting Human ONH Mechanobiology!!!

These are
 NOT just curiosities!
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• Laminar Depth / Curvature / Shape

• Laminar Anterior Insertion Migration

• Laminar Thickness

• Laminar Defects / Disinsertions

• Laminar Micro-architecture

• pNC-Hemorrhages and Choroidal Microvascular Drop Out 

• pNC-Scleral Flange Remodeling

• pNC–Scleral Bowing 

• pNC–Choroidal Thinning 

3D OCT Deep ONH Structural Phenotyping in Human Glaucoma is 
detecting Human ONH Mechanobiology in action!!!

These are evidence of 
glaucomatous or myopic 

remodeling / failed-remodeling 
until proven otherwise.
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Laminar Insertion Migration requires Profound Vascular/Connective Tissue 
Remodeling within the Scleral Flange and Peripheral Laminar Beams!

Cioffi and Van Buskirk. The Glaucomas: Basic Science. 1996
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NFL Heme

Acquired Laminar Pits

OCT Laminar/Scleral Disinsertions 

Focal Rim / RNFL Loss

Peripheral Axon Susceptibility 

Profound Vascular/Connective Tissue Remodeling within the Scleral Flange should be a 
contributing cause of NFL Heme  and Peripheral Neural Canal RGC axon susceptibility
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FoBMO 3D OCT Structural Phenotyping in Human Glaucoma

• Many investigators and studies are detecting phenomenon that 
are in fact evidence of the structural changes we have described 
in Monkeys

• Our own work focused on understanding human OCT-detected 
DEEP ONH anatomy and parameterizing it in a way that can be 
deployed in cross-sectional and longitudinal studies to assess 
this anatomy’s predictive power.

Burgoyne–2024 Goldmann–GRS Website



From FoBMO 3D HMRN in Monkeys to FoBMO 3D Monkey/Human OCT!

3D HMRN

3D OCT

Balwantray Chauhan, PhD
Mathers Professor of Ophthalmology

Dalhousie University

Gerhard Zinser, PhD
Co-Founder Heidelberg Engineering

1954-2017

The gift of a long 

collaboration with a 
dear friend. 

The gift of having 

our ideas 
incorporated into 
a powerful clinical 

instrument.
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FoBMO Deep ONH / pNC  OCT Structural Phenotyping – Healthy Eyes

Chauhan et a l, Ophthalmology 2015Chauhan and Burgoyne, AJO 2013 Araie et al, IOVS 2017 Torres et al, Acta Ophthal 2018

Luo et al, IOVS 2018

Zangalli et al, IOVS 2020

Yang et a l, IOVS 2018 Hong et al, IOVS 2019 Hong et al, AJO 2024Wang et al, AJO 2020
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FoBMO Deep ONH / pNC  OCT Structural Phenotyping – Detecting Glaucoma

Chauhan et al, Ophthalmology 2013 Yang et al, AJO 2010

FoBMO Deep ONH / pNC  OCT Structural Phenotyping – Detecting Myopic Remodeling 

Jiravarnsirikul et al, AJO 2024Jeoung et al, AJO 2020
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OCT Structural Abnormality in High Myopia and Glaucoma

Glaucoma/Myopia OCT Phenotyping Consortium (GMOPC)

The GMOPC is an Investigator Initiated Study which includes 
Heidelberg Engineering as an Industry partner

Burgoyne–2024 Goldmann–GRS Website



• Professor Hans Goldmann

• Disclosures and Acknowledgements 

• Revisiting 3D Optic Nerve Head Anatomy and Morphology

• The Optic Nerve Head in Glaucoma

• What Defines a Glaucomatous Optic Neuropathy?

• 3D Histomorphometric Structural Phenotyping in Monkey Glaucoma

• 3D OCT Structural Phenotyping in Monkey and Human Glaucoma

• Our qIHC / 3D SBEM Cellular Mechanism Studies in Monkey Early EG

• Summary / Implications

• A Final Acknowledgement

Outline
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Priya Chaudhary, PhD Cheri Stowell, PhD

Nick
Marsh-Armstrong, PhD

Quantitative IHC Quantitative 3D SBEM
(scanning block-face electron microscopy)

Our work first focused on laminar connective tissue remodeling and co-
incident myelin disruption

Mark Ellisman, PhD
Eric Bushong, PhD

Generated all 3D SBEM
Reconstructions
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Roberts et al, IOVS 2009

Using our 3D Laminar Reconstructions – Engineering finite element modeling suggested 
that the  thickened lamina contained an increased number of laminar beams 

Mike Roberts, PhD Crawford Downs, PhD
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Laminar Thickening  / Retrolaminar Septal Recruitment and Myelin Disruption

Roberts et al, IOVS 2009

Healthy

Early Ocular HTN 

Transverse 

Connectivity added to

Longitudinal  

Retrolaminar Septa

Thickened and 

Migrated

Lamina Cribrosa
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Roberts et al, IOVS 2009

Healthy

Thickened and 

Migrated

Lamina Cribrosa

If this occurs - does it disrupt retro-laminar myelin homeostasis

Laminar Thickening  / Retrolaminar Septal Recruitment and Myelin Disruption

Early Ocular HTN 

Transverse 

Connectivity added to

Longitudinal  

Retrolaminar Septa
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Quantitative IHC demonstrated retrolaminar myelin disruption in 
Early to Moderate NHP Experimental Glaucoma – so what???? Wouldn’t we
expect myelin to be disrupted if axons are degenerating???? 

Chaudhary et al, IOVS, 2022

Quantitative IHC
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Chaudhary et al, IOVS, 2022

Quantitative IHC

Quantitative IHC demonstrated retrolaminar myelin disruption in 
Early to Moderate NHP Experimental Glaucoma – so what???? Wouldn’t we
expect myelin to be disrupted if axons are degenerating???? 

Burgoyne–2024 Goldmann–GRS Website



Chaudhary et al, IOVS, 2024

Quantitative 3D SBEM
(scanning block-face electron microscopy)

Quantitative SBEM axon tracing suggests that structurally-intact,
retrolaminar axons are demyelinated in NHP experimental glaucoma. 
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Chaudhary et al, IOVS, 2024

Quantitative 3D SBEM
(scanning block-face electron microscopy)

Axon transport studies to show that demyelinated axons are functionally 
intact are now indicated. 
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Priya Chaudhary, PhD

Nick
Marsh-Armstrong, PhD

Quantitative IHC Quantitative 3D SBEM
(scanning block-face electron microscopy)

This work continues employing new technologies under Priya Chaudhary’s direction in 
collaboration with Brad Fortune OD, PhD and Nick Marsh-Armstrong, PhD 

Brad Fortune OD, PhD
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• Current Pathophysiologic Definitions of Glaucoma should emphasize: 

• Primary Alterations of ONH /pNC Scleral / Posterior Scleral Connective Tissue Mechanobiology 

• Disruption of ONH RGC axon homeostasis that may precede or coincide with connective tissue changes

• RGC Somal and Axon Projection Pathophysiology that may precede or coincide with ONH changes

• Longitudinal OCT studies to confirm Deep ONH connective tissue remodeling in Humans are required

• All ONH Cellular Mechanisms remain unknown:

• Altered ONH Neural/Connective Tissue Mechanobiology 

• altered ONH homeostasis

• RGC axon insult

• Mechanism by which Aging / Myopic Structural Remodeling / African Descent increase ONH susceptibility

• All/Some of the above should provide targets for ONH-targeted neuroprotective interventions in glaucoma

• ONH Biomechanics Prospective / Retrospective Prediction of ONH susceptibility:

• Not yet accomplished clinically or experimentally

• OCT tools /concepts / techniques may be ready for prospective /retrospective monkey/human studies

Summary / Implications
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Cross-Sectionally - Lamina Cribrosa Thickness is increased in Human OHT eyes

Han, JC et al. JPN J Ophthalmol.  2016
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Kim, JA, et al. IOVS. 2020

longitudinal studies are required

OHT
80 eyes

80 subjects

NTG
80 eyes

80 subjects

Normal
80 eyes

80 subjects

Cross-Sectionally - Lamina Cribrosa Thickness is increased in Human OHT eyes
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• Pathophysiologic Definitions of Glaucoma should clearly state:

• Primary Alterations of ONH Neural/Connective Tissue Mechanobiology 

• Primary and/or Secondary Disruption of ONH RGC axon homeostasis 

• RGC Somal and Axon Projection Pathophysiology that may precede or coincide with ONH changes

• Longitudinal OCT studies to confirm Deep ONH connective tissue remodeling in Humans are required

• All ONH Cellular Mechanisms remain unknown:

• Altered ONH Neural/Connective Tissue Mechanobiology 

• Altered ONH/RGC axon homeostasis

• RGC axon insult

• Mechanism by which Aging / Myopic Structural Remodeling / African Descent increase ONH susceptibility

• Genetic contributions to all of the above

• ONH Biomechanics Prospective / Retrospective Prediction of ONH susceptibility:

• Not yet accomplished clinically or experimentally in our own work or the work of others……. 

• OCT tools /concepts / techniques may be ready for prospective /retrospective monkey/human studies

Summary / Implications
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•  Pathophysiologic Definitions of Glaucoma should clearly state:

• Primary Alterations of ONH Neural/Connective Tissue Mechanobiology 

• Primary and/or Secondary Disruption of ONH RGC axon homeostasis 

• RGC Somal and Axon Projection Pathophysiology that may precede or coincide with ONH changes

• Longitudinal OCT studies to confirm Deep ONH connective tissue remodeling in Humans are required

• All ONH Cellular Mechanisms remain unknown:

• altered ONH Mechanobiology 

• altered ONH homeostasis

• RGC axon insult

• Mechanism by which Aging / Myopic Structural Remodeling / African Descent increase ONH susceptibility

• All/Some of the above should provide targets for ONH-targeted neuroprotective interventions in glaucoma

• ONH Morphologic/Finite Element Modeling based Prediction of ONH susceptibility:

• Not yet accomplished clinically or experimentally in our own work or the work of others…….

• OCT Tools /Concepts / Parameters may be ready for prospective /retrospective monkey/human studies

Summary / Implications
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My wife Vicki Smith – for 26 years of collaboration
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My wife Vicki Smith – for 26 years of collaboration and FUN!!! 
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Jack Cioffi and the 3 Ring Binder  
      (….If it doesn’t kill you it will make you stronger.....)

1¾″
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