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Abstract

Objective: To determine if ocular ductions deform intrapapillary and peripapillary tissues in
optic nerve head drusen(ONHD) and compare these deformations to normals and other optic
neuropathies.

Design: Observational case series.
Participants: 20 patients with optic nerve head drusen

Methods: Axial rasters of the optic nerve from a spectral-domain optical coherence
tomography(SD-OCT) [Cirrus 5000. Zeiss Meditch] were used to analyze the shape of the
peripapillary basement membrane-layer (ppBM-layer) in 20 confirmed cases of ONHD. We
compared registered images obtained two eye positions: 10-15° in adduction and 30-40° degrees in
abduction. Geometric Morphometrics was used to analyze the shape of the ppBM-layer defined by
placing 10 equidistant landmarks extending 2500 microns on both sides of the basement
membrane opening. We also adapted an image strain tracking technique to measure regional
intrapapillary strains in six of our patients. Using manually placed “nodes” on the reference image
(in adduction), an iterative, block-matching algorithm is used to determine local displacements
between the reference and its paired image in abduction. Displacement vectors were used to
calculate the mean shear and effective strain(%change)

Main Outcome Measures: Peripapillary shape deformations, intrapapillary shear strains and
effective strains

Results: We found a statistically significant difference in the shape of the ppBM-layer between
abduction and adduction(p=0.01). The deformation was characterized by a relative posterior
displacement temporally in adduction that reversed in abduction. Strain tracking in all six patients
showed substantial gaze-induced shearing and effective strains. Mean effective strains were 7.5%
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outside the drusen. Shear and effective strains were significantly larger outside than within the
drusen (p<0.003 and <0.01, respectively).

Conclusions: The clinical importance of gaze-induced deformations is unknown but this study
suggests that repetitive gaze-induced shearing may be a factor in the evolution and complications
of ONHD. Shearing strains are often more damaging to neural tissue than compressive or tensile
strains. ONHD are byproducts of degenerating axons. ONHD appear to be a consequence of two
parallel pathways: 1.an ill-defined neurodegenerative axonopathy that initiates the process and 2.a
cycle of mechanically-mediated axonal injury that progressively forms new calcific deposits,
enlarges existing drusen, injures adjacent axons and damages blood vessels.

Optic nerve head drusen (ONHD) are intrapapillary calcifications that range in size between
5-1000 microns.. Early on, buried deep within the prelaminar optic nerve head (ONH), they
may not be seen ophthalmoscopically; but will gradually become visible as they enlarge and
approach the surface. The associated elevation and blurring of the disc can be confused with
papilledema. ONHD are associated with a slowly progressive loss of peripheral vision and
rarely, acute vision loss from neuro-retinal vascular complications.1=> The root cause of
ONHD and its complications are unknown.

Using spectral domain optical coherence tomography (SD-OCT), we and others have
recently shown that horizontal ocular ductions induce deformations of the ONH and
peripapillary tissues in normal subjects, 58 anterior ischemic optic neuropathy (AlON) and
papilledema.® These studies led us to consider whether stress and strain on the ONH induced
by ocular ductions may be a factor in the progressive loss of visual field and vascular
complications of ONHD. Our goal was: (i) to determine if ocular ductions deform
intrapapillary and peripapillary tissues in patients ONHD using shape analysis and strain
tracking techniques; (ii) to compare these deformations to previously published data in
normals and other optic neuropathies and (iii) to consider the role gaze-evoked strains in the
evolution and complications of ONHD.

METHODS and Materials

Inclusion criteria

The diagnosis of optic nerve head drusen was based on the typical ophthalmoscopic features
that included visible intrapapillary refractile deposits, sometimes associated with elevation
of the optic disc, vascular anomalies, and peripapillary retinal pigment epithelial changes.
Irrespective of whether drusen were visible or buried, all patients had a B scan or fundus
autofluorescence photographs that confirmed the diagnosis. All patients had OCT findings
consistent with the diagnostic criteria defined by the Optic Disc Drusen Studies Consortium
Recommendations® for the diagnosis. We excluded any patient with coexistent disc anomaly
(e.g. tilted optic disc, high myopia, staphylomas, or otherwise dysplastic), optic neuropathies
or papilledema.

Image Acquisition

A Cirrus 5000 SD-OCT (Carl Zeiss Meditec, Inc. Dublin, CA) was used to acquire a (1)
200x200 optic disc cube and (2) a 5-line, high definition, axial raster (9mm in length 0.125
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mm intervals) with a signal strength of = 7. The optic disc cube was used to calculate the
mean RNFL thickness. The Cirrus 5000 SD-OCT produces vertically stretched raster images
with an aspect ratio of 3:2 (750 x 500 pixels [px]) (figure 1). We corrected the aspect ratio
from 3:2 to an unstretched aspect ratio of 9:2 (750 x 167 px) for shape analysis. To illustrate
small differences, some of the figures are displayed in a stretched or 3:2 aspect ratio where
indicated.

High definition 5 line axial rasters were obtained in two head positions with the eyes in
adduction and abduction to the extent that the patient and device would permit. Adduction
was limited by the patient’s nose against the lens element of the device at approximately
10-15° and abduction was less restricted at approximately 30-40°. These ranges were based
on rotational head positions while the patient viewed the OCT fixation target using a head
mounted protractor. Scanning laser ophthalmoscopic image stabilization (“FastTrac”,) was
used to register images. We used the most centrally positioned raster of the 5 raster lines in
adduction as a baseline reference to compare to the axial raster obtained in abduction at the
same location (“Tracked to Prior” option). Images were mirrored horizontally when
necessary to align the temporal and nasal regions.

Geometric Morphometric Shape Analysis

We employed Geometric Morphometrics (GM) to analyze the shape of the ppBM-layer
imaged on the SD-OCT raster. This is a well-established method that quantifies and analyzes
shape and its covariation with other variables. 10-13 The methodologies are detailed in a
primer by Zelditch et al.13 Additional references and software can be found online at http:/
life.bio.sunysh.edu/morph. 12 The application of this technique to the analysis of the ONH
has been described in several previous publications.5: 14-16 The “tps” software 12 was used
in this analysis. A brief description follows.

GM defines shape as that geometric property that remains after normalizing for differences
in centroid location, scale and rotation.

Digitizing semi-landmarks: Using, imaging software (Photoshop; Adobe Systems, San
Jose, CA) we superimposed a 25004 rectilinear grid on the temporal and nasal side of the
basement membrane opening (BMO) of a 9mm axial raster image (unstretched (9:2) aspect
ratio) The grid was used to position 10 equidistant “semi-landmarks” (defined as landmarks
placed along a curve or surface) spanning a distance of 2500 um from the edge of the
basement membrane-layer (ppBM-layer) on both sides of the BMO. Each semi-landmark
was positioned along the outer edge of the ppBM-layer starting at the edge of the BMO.
[Figure 1a]. Semi-landmark placement was performed on image files that were de-identified
with respect to name and eye position.

Generalized Procrustes Analysis or Procrustes superimposition is the process of
superimposing all of the specimen shapes onto a mean shape in three sequential steps: first
by translating the centroid of the semi-landmarks to single point of origin; then rescaling to a
uniform size and finally minimizing rotational differences between corresponding
landmarks.
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The thin plate spline displays differences in shape as a smooth deformation, using an
algorithm that interpolates differences between landmarks and can be visualized using
vectors at each landmark. The thin plate spline also defines a set of shape variables (partial
warps) that capture the differences between shapes. The partial warp scores generate data
matrices that can be analyzed with the proper degrees of freedom using multivariate
statistical methods

Principal Component Analysis (PCA) is used to identify and ordinate the variation in shape
along a series of components that are linear combinations of the partial warps. In effect,
PCA identifies the important patterns of shape based on variance to determine if they
distinguish patient groups (in this case shape differences between abduction and adduction).
The relative contribution of each principal component is expressed as a percent of the total
variance. Principal Component Analysis was performed using a variance - covariance matrix
of the shape variables.

Statistical Analysis of Shape is based on comparing the sums of squared Procrustes
differences between and within the samples expressed as an F-ratio. The evaluation
compares the observed F-value to a distribution based on 10,000 random permutations of the
individuals to the groups being compared. The proportion of Goodall’s F statistics from
these permutations equal to or larger than the observed Goodall’s statistic is interpreted as
the “p value” for the test. In order to avoid correlation bias between eyes within an
individual, all statistical analyses on shape were performed on the right eye or in unilateral
cases the affected eye. A Students t test was used to compare the means of continuous
variables. Analysis of variance (ANOVA) was used to complete multiple comparisons of
continuous variables.

Strain tracking

We adapted recently developed image tracking techniques, to measure local deformations
(strains) between abduction and adduction in six of our cases where intrapapillary image
quality permitted. The methods are detailed elsewhere. 17-19 Briefly, the source image in
abduction, was brought into rough registration with the target image (in adduction), using a
rigid body transformation. Next, a set of discrete landmarks were manually placed on the
target, to use as reference locations for registration between the images. An iterative, block-
matching algorithm minimizing the zeroed normalized cross-correlation function was then
applied to determine the local displacement vectors that bring a block surrounding the
landmarks of interest from the source into optimal coincidence with the target. The image
matching was then refined using a subpixel phase correlation based on paired image
subregions. From the resulting discrete vector field, the full field displacement and strain
tensor were computed and interpolated.

Tissues can be stretched, compressed or sheared, sometimes simultaneously, in various
directions. For simplicity, we focused on “shear strains” and “effective shear strains”. Shear
strains were chosen because they are a major factor in neural tissue damage.20 2! Effective
strains are convenient because they summarize the multidimensional state of strain into a
single value, taking into account tension, compression and shear.8 Effective strains are also
helpful to compare with previous ONH tracking studies.8 Effective strains were computed
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using the methodology of Wang et al. 8 For analysis, images were “unstretched” by
expanding them laterally by a factor of 3. For presentation, they were “stretched” again by
the reverse process.22 For each subject, two regions of interest were manually defined, one
within the drusen and another outside. The mean shear and effective strains within the
regions were computed and compared via paired t-test.

This study was approved and complies with policies of the SUNY Stony Brook Committee
on Research Involving Humans and complied with Declaration of Helsinki.

We identified 20 patients with ONHD. There were 16 females and 6 males with a mean age
of 32 £ 15 (range 16-55). Fourteen of the patients had ONHD bilaterally and 6 were
unilateral. ONHD were visible in 15 of the cases and buried in 5.

Figure 1b shows a scatter plot of normalized landmarks after Procrustes superimposition
from each subject in abduction(red circle) and adduction (black circle). The continuous lines
show the mean (consensus) shapes in abduction(black) and adduction (red). Because the
differences were small, the image is stretched vertically three fold (figure 1c) to illustrate the
change in more detail. Relative to abduction, the shape in adduction is displaced posteriorly
on the temporal side of the BMO relative to the nasal side. The pattern in abduction is
reversed. The difference in the mean shape between abduction and adduction was
statistically significant to a level of p < 0.01 (permutation)

To characterize those features that best distinguish the shape differences in eye position we
performed a Principal Component Analysis on a variance - covariance matrix of the shape
variables derived from the semi-landmark data (figure 2). The first three principal
components accounted for 90% of the variance in shape. PC1, accounting for 70% of the
variance, implied a shape characterized by an anterior (toward vitreous) - posterior (away
from vitreous) axial displacement of the ppBM-layer. PC2, accounted for 12% of the
variance, captured differences in the diameter of the basement membrane opening. PC3
accounted for 8% of the variance was characterized by a seesaw tilting with posterior
displacement temporally and slight anterior displacement nasally on the positive side of the
ordinate. The reverse pattern was depicted on the negative side of the ordinate.

PC3 was the one component that most clearly distinguished the shapes associated with
abduction and adduction. Although there was considerable overlap in shapes across subjects,
paired comparisons of each subject showed a consistent pattern where all but 3 of the
patients displayed a positive shift along the ordinate when going from abduction to
adduction. Said differently, most patients in abduction had a relative anterior displacement
temporally (toward the vitreous, relative negative position on the ordinate) that on adduction
shifted posteriorly (away from the vitreous, positively along the ordinate). A symmetrical
relative posterior shift in adduction was also seen in PC1. There was no clear distinction
between abduction and adduction with respect to PC2.
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An example of an axial raster from one of the subjects showing a slight relative posterior
displacement temporally is shown in figure 3. A video clip from another subject is shown
online (figure 4).

We did not find any correlation between shape or change in shape (deformation) with the
mean RNFL, the size or visibility of the druse.

Strain tracking revealed that the change in gaze caused substantial intrapapillary tissue
deformations in all six cases studied, as shown in figure 5. Deformations outside the drusen
were significantly larger than within. Shear strains were, on average, 7.6 times larger outside
the drusen than within (3.8% vs. 0.5%, p<0.003). Effective strains were, on average, 3.4
times larger outside the drusen than within (7.2% vs. 2.1%, p<0.01).

DISCUSSION.

This study shows that patients with ONHD display significant gaze-evoked deformations in
the shape of the ppBM-layer and substantial strains within the prelaminar ONH surrounding
ONHD.

Deformation of the ppBM-layer, in adduction, consists of a relative posterior displacement
temporally relative to the nasal side. The pattern is reversed in abduction. The difference in
the overall shape between adduction and abduction was statistically significant (p < 0.01,
permutation). The shape pattern that best distinguished the effects of ocular ductions was
most evident in the third principle component (PC3) which implies a seesaw type of
deformation. Demer 23 has proposed that gaze-evoked deformations in normals are caused
by the optic nerve sheath tethering the globe especially in adduction. It is likely that optic
nerve sheath tethering also explains the deformations in ONHD.

To compare the shape changes in ONHD to normals and other optic neuropathies, we
reanalyzed a previously published GM shape analysis & on normals, AION and papilledema
and combined them with the patients from this study with ONHD. The methodology for
both acquisition and analysis using GM was identical in both studies. We found that the
patterns and magnitudes of the deformations in ONHD (figure 6) showed no significant
difference (ANOVA) between AION, normals and drusen; all three however were
significantly different from papilledema where gaze induced deformations were greatly
exaggerated in the latter.

Strain tracking in all six patients studied showed substantial gaze induced shearing and
effective strains (figure 5). Shear and effective strains were significantly larger outside than
within the drusen (p<0.003 and <0.01, respectively). Mean effective strains were 7.5%
outside the drusen, larger than the 5.8% reported by Wang et al. as induced within the
lamina cribrosa of healthy subjects.8 In one individual, shear deformations outside the
drusen were more than 18 times larger than within. In the same individual, effective strains
outside the drusen reached 14.8%.

The functional impact of ocular ductions on the normal ONH is unknown. It is likely that
ocular ductions induce multiple modes of stress and strain (i.e. effective strains) that arise
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from (i) a seesaw shearing within the ONH (ii) tensile extension of the sheath and optic
nerve 23 and (iii) kinking of the optic nerve at the scleral opening. 24 These empirical
observations are consistent with finite element analyses showing alternating gaze induced
strains in the peripapillary sclera; temporally in adduction and nasally in abduction. 24 25
The transient dynamic effects of ocular ductions may also affect the type and magnitude of
strains possibly greater than the static deformations might otherwise indicate. 6 26 The
pattern of shape deformation and the strain tracking observed in this study as well as others
previously reported in normals suggest that ocular ductions generates a shearing strain
within the ONH. 6-8. 24,25

Although the peripapillary and intrapapillary strains of ONHD (and normals) are relatively
small, their impact may be affected by the way in which intrapapillary calcifications change
the material properties, structural geometry and stress/strain distribution within the ONH.
Fluid Structure Interaction models have shown that repetitive pulsatile loads (from blood
flow) on micro-calcifications concentrates enough stress around each microbody to weaken
the plaque and cause rupture and thrombosis. 27- 28 The effects of repetitive ocular ductions
on ONHD may be analogous.

Chronic neural tissue deformations of the magnitude described in this study have been
shown to increase the risk of astrocyte activation?® or neuropathy 20: 21, Dynamic stretch
injuries of the optic nerve in an animal model has determined that threshold strains of >
13-14% can result in histological and electrophysiological signs of injury. 3° A normal
subject executes about a 150,000 saccades per day : billions in a lifetime.3! Repetitive
motion strains have wide ranging effects on both tissue and cell functions in a variety of
neural and myo-tendinous disorders.32 Repetitive peripapillary scleral strain may also affect
blood flow through the branches of the short posterior ciliary arteries that supply the ONH.33
Additionally, mechanical stimulation of transmembrane integrin receptors, bound to the
extracellular matrix of the lamina cribrosa,3* can signal intracellular cytoskeletal structures
and modulate cell structure and function.35-39 Thus repetitive ocular ductions can in theory
contribute to axonal injury.

ONHD is a slowly progressive disorder. 40-44 The prevalence of visual field defects can vary
between 24-87%. 1. 45. 46 Severity of the field loss correlates with drusen size, surface
visibility, 1 46-50 mean RNFL thickness and Ganglion cell layer thickness 47-50-52, Vjsual
fields may slowly and insidiously decline with age*% 44. 53

There appear to be two parallel pathways that mediate progressive loss of visual field and
axonal attrition in ONHD. (see figure 7). We hypothesize that the repetitive gaze-induced
shearing on the ONH contributes, in part, to progressive axonal injury and vascular
complications of ONHD.

The first presumably involves an ill-defined neuro-degenerative axonopathy (figure 7, blue).
Sietz and Kersting were the first to propose that ONHD are the byproducts of degenerating
axons. %% 55 Spencer? speculated that axoplasmic flow is impaired in ONHD 96 57
Axolemmal injury causes calcium influx and or the release of endogenous calcium.38. 58
Ultrastructural study by Tso has demonstrated disruption of the axolemma, calcification of
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intracellular and extracellular mitochondria, and the formation of corpora amylacea (also
containing calcified mitochondria). He proposed that extruded mitochondria serve as nidi for
progressive calcification that eventually coalesce into drusen.>>® The combination of protein
deposits and mitochondrial disturbances are characteristic of a variety of neurodegenerative
diseases.* 52

The second pathway (figure 7, red) is a mechanical consequence of progressively enlarging
intrapapillary calcifications that eventually compress and damage adjacent tissues (i.e.
axons, glial cells, blood vessels).1: 2 This study would suggest that repetitive gaze-induced
shearing, a previously neglected mechanical factor, may be a contributory factor in
progressive axonal injury. Distinctions in the mode and temporal pattern of stress and strain
may be important because repetitive shearing is more damaging to tissues than slow
compression or extension. We propose that shearing injury of axons fuels a cycle of
axolemmal disruption, mitochondrial extrusion and progressive calcification that increase
the size and number of ONHD.

Retinal hemorrhages have been described in 2-10% of ONHD. They consist of peripapillary
subretinal and superficial nerve fiber flame hemorrhages. There have been reports
associating ONHD with ischemic optic neuropathy, central retinal artery occlusion, central
retinal vein occlusion and choroidal neovascular membranes.t: 60-65 The proposed
mechanisms include compressive erosion of blood vessels, ischemic venous congestion or
arteriolar occlusion 1. 2. 66,67,

This study suggests that that repetitive mechanical shearing around a druse may also damage
the border tissues and blood vessels of the ONH. The “intermediate tissue of Kuhnt” and
“border tissue of Jacoby” are sleeves of glial cells that provide a barrier-cushion between
axons of the ONH and retinal and choroidal layers. This region also contains small branches
of the posterior ciliary artery, the arterial ring of Zinn Haller and the choroid that supply the
prelaminar ONH. Repetitive shearing at the margins of the BMO contiguous to a druse
might cause small bleeds that dissect into the frayed margins of the peripapillary tissue
planes. Repetitive traumatic shearing in this location might also stimulate the formation of
peripapillary choroidal neovascular membranes

This report has the usual constraints of a retrospective study including a small sample size.
There are also the inherent limitations of the OCT including shadowing and the
disadvantages of 2D imaging compared to volume scans. Most importantly, structural
changes do not necessarily reflect clinically significant functional effects.

The strengths and limitations of deformation tracking analysis are discussed in detail
elsewhere 17-19, Briefly, deformation tracking is more accurate in regions of high signal
quality and low noise. This is important in this work, as signal quality decreases quickly
with depth in an elevated optic disc. Hence, it was not possible to consistently image the
lamina cribrosa. For this reason we focused our analysis of gaze induced deformations in the
prelaminar region. The small deformations measured within drusen are within the accuracy
expected for a region with low signal quality. The resolution of our OCT, and the use of B-
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scans for analysis also prevented our tracking from measuring the deformations in the
regions immediately adjacent to the drusen.

Lastly there are a number of open questions about the hypothetical model presented in figure
7 that need to be illucidated including the root cause of the axonopathy, the relative
contributions of neurodegenerative versus biomechanical pathways in axonal attrition, and
the long term consequences of repetitive ocular ductions in ONHD as well as other optic
neuropathies.
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Abbreviations.

AION anterior ischemic optic neuropathy

BMO basement membrane opening

GM geometric morphometrics

ONH optic nerve head

ONHD optic nerve head drusen

PC Principle component

PCA principle component analysis

ppBM -layer peripapillary basement membrane layer
SDOCT spectral domain optic coherence tomography
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FIGURE 1.
a) Shows the placement of 10 equidistant semi-landmarks spanning 2500 pu on both sides of

the basement membrane opening. b) Scatter plot that shows semi-landmarks from each
subject in abduction (red circles) and adduction (black circles) after normalizing for
location, size and rotation (Procrustes superimposition). The lines show the mean
(consensus) shapes for each group (black for adduction, red for abduction). C. vertically
stretched three fold to illustrate differences in more detail. Overall, the shape in adduction is
posteriorly displaced temporally relative to the nasal side compared to abduction which is
more anteriorly displaced. The difference in shapes between abduction and adduction was
statistically significant (p < 0.01)

Ophthalmology. Author manuscript; available in PMC 2021 February 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sibony et al. Page 14

PC 1 (anterior - posterior)

—

.\ / 2 0.06
- . ‘ s
’ ¢ ! nasal 004

temporal

G

$ s

o>

cab

(e TS 0.00

-0.02

-0.04 I I Z

__\_**ﬁ__\ T ’_,,,..-.——4—'—'— -0.06

| o
o>

I A adduction
@ abduction

-0.08
. 0.08
PC 2 (BMO diameter)
0.06
temporal ¥ == nasal %% T 2
0.02 § $ 4
1%

002 —&

e

-0.04

-0.06
A adduction
\\\"'\.-b 4—-/ @ abduction

PC 3 (seesaw tilt) 008

’\\ /_‘__,_.4-—-—‘ 0.06
temporal l T ) nasal  gg4

L AT TEN |

0.02 - 11

:0:04 ’ l

x"‘l\ / . -
' T l 006 A adduction

abduction
-0.08

FIGURE 2.
Principal component analysis. The first three Principal components account for 90% of the

variance in shape variables. A. PC1 (70%) implies a shape characterized by a symmetrical
posterior (away from the vitreous, positive) to anterior (toward the vitreous, negative)
deformation. B. PC2 (12%) depicts the relative diameter of the basement membrane opening
and C. PC3 (8%) implies a seesaw tilting deformation. The PC scores for each patient along
the abscissa represents shapes in abduction (red circles) and adduction (black triangles). A
directional line connects each subject pair describing the deformation: positive shifts when
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going from abduction to adduction are red, negative shifts are black. Each mark along the
ordinate represents 0.100 “Procrustes distance units”.

The PC that most clearly distinguishes the shape difference between abduction and
adduction is PC3. A positive shift was noted in 17 of 20 eyes. Thus, when eye position
changes from abduction to adduction, the temporal side shifts posteriorly (away from the
vitreous) relative to the nasal side. PC1 also shows a relative posterior displacement on
adduction in 13 of the patients, although PC1 is more symmetrical than PC3. PC2 is not
clearly associated with either abduction or adduction.

Ophthalmology. Author manuscript; available in PMC 2021 February 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Page 16

abduction

wee
o wym, iy a0

Temporal t Nasal

abduction
——— ’

adduction

p——— basement —
membrane

opening 3x (3:2 aspect ratio)

FIGURE. 3.
An example in abduction and adduction (vertically stretched image) with inset showing an

overlay of the basement membrane layer from each image. Druse shown in yellow top
figure. Reference plane (red line) shows that in adduction there is a small posterior
displacement temporally relative to nasal side.
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FIGURE 4.
Online Video clip.

Shows superimposed cyclic sequence that includes raster in primary, abduction, primary and
adduction. The asterisk is located in the center of a large druse located in the basement
membrane opening. There a number of hyper-reflective bands adjacent to the large druse
two of which are shown with black arrows. These bands are typically seen in patients with
drusen and may represent small early forms of drusen or light scattering artifact caused by
drusen.® 88 The sequence demonstrates intrapapillary alternating seesaw deformations with
posterior displacement of the BMO temporally in adduction.

Ophthalmology. Author manuscript; available in PMC 2021 February 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sibony et al. Page 18

161

= . § 8
S
26 i
=
()]
£
c4 S
o
e
(%]
g 2
wy
, =
[47]

= [}

— : £ ol

Gaze-induced shear strains (%) Within drusen  Outside drusen

FIGURE 5.
Tracking analysis was used to compute the gaze-induced deformations from abduction to

adduction. Left) B-scan of the signature case colored according to the magnitude of the
shear deformation. Positive shear is clockwise, whereas negative shear is counter-clockwise.
Overlaid on the colored OCT are two boxes indicating the regions where the strains within
(red box) and outside (green box) the druse (dotted outline) were averaged for comparison.
Note the smaller deformations within the druse than outside. The large deformations on the
vessels are likely due to pulsation. Right) Change in gaze caused substantial shear strains
outside the drusen but not within the drusen in all subjects (p<0.003, each line is a subject).
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Deformation (abduction - adduction)

Papilledema Normal AION Drusen

FIGURE. 6.
Each point in this plot represents the difference in shape (deformation) between abduction

and adduction. Consider each point to represent the size and direction of the connecting lines
between paired shapes shown in figure 2. A positive value (along the ordinate) represents a
relative posterior displacement temporally / anterior displacement nasally when going from
abduction to adduction; a negative value implies the reverse. Most patients showed a positive
shift across all groups; however, the magnitude of these shifts varied. Deformations in
normals, AION and Drusen are small compared to the large deformations in papilledema.
The difference between AION, normals and drusen was not statistically different. The
difference between papilledema and the other three was significant (p < 0.001, ANOVA).
Note: data from papilledema, normal and AION has been previously published® but the
methodologies for ONHD were identical to the other groups. This figure represents a
reanalysis of the entire cohort as a group.
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FIGURE 7.

Hypothetical pathogenesis of optic nerve head drusen formation and complications may be
mediated by two parallel pathways: a. the first (blue) involves an idiopathic
neurodegenerative axonopathy that presumably causes both axon loss and drusen formation;
b. at some critical juncture (red), drusen enlarge enough to mechanically injure (by shearing,
compression) enough axons to cause visual field defects, increase the number and the size of
drusen and rarely cause a variety of vascular complications. The relative contribution of
neurodegenerative and mechanical pathways to the axonal injury, progressive loss of visual
fields and formation of drusen is unknown; it may vary at different points in time.
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