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PURPOSE. To analyze the deformations of the peripapillary retinal pigment epithelium–
basement membrane (ppRPE/BM) layer in response to procedures that lower intracranial
pressure (ICP). Second, to demonstrate how shape changes may complement the mean
retinal nerve fiber layer (RNFL) thickness as a measure of intracranial hypertension (ICH) and
papilledema.

METHODS. We used geometric morphometrics on spectral-domain optical coherence
tomography images to analyze shape change of the ppRPE/BM layer after several interventions
that lower cerebrospinal fluid (CSF) pressure. We also evaluated the effects of pressure-
lowering interventions on both the anterior–posterior displacement of ppRPE/BM and the
mean RNFL thickness. Forty-one patients with ICH and papilledema were studied before and
after lumbar puncture (20), CSF shunt (9), and medical treatment of idiopathic ICH (23). We
also compared the shape of 30 normal subjects to 23 patients whose papilledema resolved
after medical treatment.

RESULTS. The ppRPE/BM-layer in ICH and papilledema is characterized by an asymmetric
anterior deformation that moves posteriorly and becomes more V-shaped after each pressure-
lowering intervention. The differences were statistically significant for all three groups. These
shape changes also occur in patients with ongoing ICH who have secondary optic atrophy
(without papilledema). Posterior displacement at the margin of the ppRPE/BM layer
correlated strongly with overall shape changes.

CONCLUSIONS. The subsurface contour of the ppRPE/BM layer is a dynamic property that
changes with CSF pressure-lowering interventions. It can supplement the RNFL thickness as
an indirect gauge of ICP and is particularly helpful in patients with secondary optic atrophy.
Direct measurements of displacement at the basement membrane opening may serve as a
more convenient office-based surrogate for shape analysis.

Keywords: papilledema, optical coherence tomography, optic nerve, idiopathic intracranial
hypertension, cerebrospinal fluid shunts, geometric morphometrics

Papilledema is a cardinal sign of intracranial hypertension
(ICH)1 that provides a convenient, albeit indirect method of

clinically assessing intracranial pressure (ICP). There are several
important caveats. First, the diagnosis hinges on the skill of the
examiner, but even experts using a standardized ordinal grading
system (Frisen scale) with fundus photographs can disagree.2–4

Second, the recognition of papilledema may depend on the
cooperation of the patient, the occurrence of pseudopapille-
dema, and the funduscopic subtleties of early papilledema.
Third, papilledema may be absent in some patients with ICH;
there can be a delay in development of papilledema following
an acute rise in ICP; and resolution may lag behind the
normalization of ICP. Lastly, patients with axonal loss due to
optic atrophy may not develop papilledema.5–10

Spectral-domain optical coherence tomography (SD-OCT)
overcomes some of these limitations by providing a continuous
measurement of retinal nerve fiber layer (RNFL) thickness, a

structural parameter that correlates with the severity of

papilledema.3,11–14 The SD-OCT is also capable of quantifying

other parameters such as total retinal thickness and disc

volume.15 Additionally, the peripapillary retinal pigment

epithelium–basement membrane (ppRPE/BM), a subsurface

layer that mirrors the shape of the subjacent sclera, is

abnormally displaced toward the vitreous in patients with

papilledema.16,17

Using a shape analysis technique, geometric morphometrics

(GM), on SD-OCT raster images, this report examined the

dynamic changes in the shape of the ppRPE/BM layer after

several interventions that lowered ICP; more specifically, how

lumbar puncture, cerebrospinal fluid (CSF) shunt, and medical

treatment of ICH with papilledema affect the shape of the

ppRPE/BM layer. We also examined how the shape and relative

displacement of the ppRPE/BM layer may complement mean
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RNFL thickness in the diagnosis and management of patients
with ICH and papilledema.

MATERIALS AND METHODS

Subjects

The records from two neuro-ophthalmology service databases
were reviewed for all patients with idiopathic ICH between
2010–2013 who underwent SD-OCT and met the inclusion
criteria defined below.

We studied patients who met the modified Dandy crite-
ria18,19 for the diagnosis of idiopathic intracranial hypertension
(IIH) with opening pressures of >25 cm H2O and papilledema.
We also included patients who underwent a CSF shunt
procedure for ICH (with papilledema or secondary optic
atrophy). The diagnosis of papilledema was based on
funduscopic features including optic nerve head elevation,
obscuration of the optic disc margins and/or vessels, thicken-
ing of the peripapillary retinal nerve fibers, circumpapillary
folds, choroidal folds, hemorrhages, and cotton wool spots. All
patients with papilledema had an abnormally thickened mean
RNFL (>95% of the normal controls; Cirrus SD-OCT; Carl Zeiss
Meditec, Inc., Dublin, CA, USA) and ICH.

We studied three groups of patients before (baseline, pre)
and after (post) an intervention that lowered CSF pressure. For
each group, we compared the shape of the ppRPE/BM layer,
the displacement of the RPE/BM layer margin at the basement
membrane opening (BMO), and the mean RNFL thickness. The
inclusion criteria for each group are indicated below.

Group A: Pre–Post Lumbar Puncture (Pre–Post LP).
This group included 20 untreated patients with ICH who
underwent a baseline SD-OCT within 1 week before and within
2 weeks after a diagnostic lumbar puncture before undergoing
medical treatment. Eleven of these patients also met the
criteria for group C below.

Group B: Pre–Post CSF Shunt (Pre–Post Shunt). Nine
patients in this group underwent a shunt procedure either as
primary procedure or replacement of a failed shunt. The
indications for primary CSF shunting in six patients with IIH
were intractable headaches or progressive vision loss unre-
sponsive to medical therapy. We also included three patients
with shunt failures with symptoms and signs of ICH (e.g.,
headaches, diplopia, recurrence of papilledema) who under-
went shunt replacements. Spectral-domain OCT was per-
formed within 3 weeks before and after a CSF shunt
procedure (no acetazolamide).

Group C: Pre–Post Medical Treatment (Pre–Post Rx).
This group included 23 patients with IIH who were
successfully treated with acetazolamide. The baseline pretreat-
ment OCT images were obtained within 2 weeks after a
diagnostic LP and before starting treatment with acetazol-
amide. Post–medical treatment SD-OCT images were obtained
after resolution of symptoms (e.g., headaches, diplopia,
obscurations, pulsatile tinnitus), funduscopic signs of papille-
dema, normalization of the mean RNFL thickness, and the
absence of an afferent pupillary defect or significant vision
loss. Eleven of these patients were included in group A. Twelve
patients in this group (group C) did not meet the inclusion
criteria for group A because the pre-LP OCT was not performed
or did not meet the time constraints.

Normal Controls. We also compared the ppRPE/BM shape
of the posttreatment SD-OCT images from group C to that of
normal subjects. The controls had a negative review of systems
(including questions about chronic headaches, diplopia, and
tinnitus) and a normal ophthalmic examination finding that
specifically excluded subjects with abnormal visual acuity,

color vision, pupil examination findings, intraocular pressure,
visual fields, or ophthalmoscopic findings; or SD-OCT evidence
of an optic neuropathy, edema, optic atrophy, glaucoma, or
disc anomalies (e.g., drusen, hypoplasia, oblique insertion,
tilting, high myopia, staphylomas, or otherwise dysplastic).

This study was approved by the SUNY Stony Brook
Committee on Research Involving Humans and the New York
Eye and Ear Infirmary Institutional Review Board.

The methodology used here, as well as studies on
validation, reproducibility, and artifacts, has been previously
published16 and adheres to the provisions of the Declaration of
Helsinki. We will provide a brief summary specific to this study
below.

Image Acquisition

A Cirrus SD-OCT was used to acquire images with a signal
strength of ‡7, centered over the optic nerve head with two
standard protocols: (1) Optic Disc Cube 200 3 200 (Cirrus, SD-
OCT device; Carl Zeiss Meditec) and (2) a five-line horizontal
high definition raster (9 mm long, 0.25-mm intervals). We used
the most centrally positioned raster image relative to the optic
disc to ensure that pre and post rasters were comparable.
Commercial SD-OCT produces images with an aspect ratio of
3:2 (750 3 500 pixels [px]), which vertically magnifies the
image to better visualize the layers of the retina (Figs. 1a, 1c).
We converted the aspect ratio from 3:2 to a true aspect ratio of
9:2 (750 3 167 px; Figs. 1b, 1d), which provides a uniform
spatial scale along both the vertical and horizontal dimension.
For the purposes of display, figures are rendered in the 3:2
aspect ratio unless otherwise indicated; however, all statistical
analyses were carried out on 9:2 aspect ratio images.

Geometric Morphometric Shape Analysis

Geometric morphometrics was used to analyze the shape of
the ppRPE/BM layer imaged on the SD-OCT raster. This is a
well-established methodology used in the biological sciences to
analyze shape and its covariation with other variables, using
conventional multivariate statistical methods.20–22 Shape is
what remains after extracting differences in position, scale, and
rotation.

The ppRPE/BM layer was chosen because it is clearly visible
in all eyes including those with severe swelling that sometimes
shadows subsurface structures. Additionally, the ppRPE/BM
layer approximates the shape of the load-bearing sclera.

Geometric morphometrics analysis is complex but well
described and easily accomplished by using a variety of public
domain software applications.21–24 The tps software suite22

(tpsUtil, tpsDig2, tpsRelW, tpsRegr) was used in the analysis
that follows.

Digitizing semi-landmarks image software (Photoshop;
Adobe Systems, San Jose, CA, USA) was used to superimpose
a 2500-lm grid on both sides of the basement membrane
opening (BMO) parallel to the flattest segment of the ppRPE/
BM layer. The grid was used to position 10 equidistant semi-
landmarks (standard term in GM to indicate points along
curves or surfaces) on both sides of the BMO for a total of 20
semi-landmarks. Each of the semi-landmarks was positioned
along the outer edge of the RPE complex starting at the BMO.
Images of the left eye were flipped horizontally to conform to
the right eye (Fig. 1b).

Generalized Procrustes analysis (GPA) is the process of
superimposing all of the specimen shapes onto a mean shape
in three steps.20 First, the semi-landmarks are adjusted so that
their centroid is translated to the origin. Second, each
configuration is rescaled to a uniform size. Third, rotational
differences are minimized between corresponding landmarks.
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The thin plate spline displays differences in shape as a

smooth deformation by using an algorithm that interpolates

changes between landmarks. These shape differences can be

visualized by using vectors at each landmark. The thin plate

spline also defines a set of shape variables, called ‘‘partial

warps,’’ that capture the differences between shapes. The

partial warp scores generate data matrices with the proper

degrees of freedom that can be analyzed with multivariate

statistical methods.

Principal component analysis (PCA) is used to express most

of the variation in shape in a small number of dimensions that

are linear combinations of the partial warps. In other words,

PCA helps identify key components of shape variation by

reducing the dimensional complexity to determine if there are

shape patterns that distinguish patient groups (i.e., pre and

post CSF-lowering interventions). The contribution of each

dimension (principal component [PC]) is proportional to its

variance expressed as a percentage. Principal component

analysis was performed on each of the cohorts by using a
variance–covariance matrix of the shape variables.

Statistical analyses of shape are based on comparing the
sums of squared Procrustes differences between and within
the samples expressed as an F ratio.20,25 The evaluation
compares the observed F value to an empirical 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 that are equal to or larger
than the observed Goodall’s statistic is interpreted as the ‘‘P
value’’ for the test. The resampling method used in the
permutation statistics treats each eye (each shape vector) as
independent—not the individual points used to capture the
overall shape. To avoid correlation bias between eyes within an
individual, all statistical analyses on shape were performed on
right eyes and left eyes separately.

Displacement

We estimated the axial displacement by measuring the change
in position of the temporal and nasal margin of the ppRPE/BM
layer at the BMO. Line tracings of the ppRPE/BM layer pre and
post were first aligned along the borders of the BMO and then
superimposed using the outer margins as a reference plane.
This measure assumes that the maximum deformation takes
place at the central margins of the RPE/BM layer and that the
peripheral regions show the least and thus serve as a reference
plane. The mean displacement was the average of the nasal and
the temporal displacement (see Fig. 4, bottom inset, for an
example of how these measurements were obtained).

Retinal Nerve Fiber Layer Thickness

We used the mean RNFL thickness obtained from the standard
RNFL thickness analysis protocol on the Optic Disc Cube 200
3 200. t-tests and ANOVA were used for analysis where
appropriate. The mean RNFL calculations from group B are
based on six of nine patients with papilledema; three of the
patients with optic atrophy were excluded.

BMO Diameter

The axial raster images were used to measure the nasal–
temporal horizontal diameter of the BMO. Images were
enhanced by adjusting brightness and contrast to better
visualize the margins of the ppRPE/BM layer.

RESULTS

A total of 41 patients were included in this analysis. Thirty-two
patients with idiopathic ICH met the inclusion criteria: 20 in
the LP group (group A) and 23 in the medically treated group
(group C). Eleven patients were members of both groups. The
mean opening pressure was 38 6 11.5 cm H2O (range, 25–58
cm H2O). All patients had clinical signs of papilledema. The
mean age was 26.4 years (range, 14–54 years); 30 of the
patients were women. Spectral-domain OCT was performed
within 7 days before and within 2 weeks after the LP (mean,
6.6 days) in group A. The average follow-up SD-OCT after
medical treatment (group C) was 11 6 6.5 months (range, 4–
25 months).

Nine additional patients met the inclusion criteria for the
CSF shunt group (group B); all were women with a mean age of
30.4 years (range, 21–45 years). Seven of the patients had IIH,
one had a history of meningitis, and one had tectal glioma with
hydrocephalus. Seven patients underwent primary shunting
procedures, and two patients underwent surgery for shunt

FIGURE 1. Spectral-domain OCT 9-mm axial raster images of a normal
eye and the eye of a patient with papilledema, illustrating aspect ratio,
semi-landmark placement, and shape of the ppRPE/BM layer. (a)
Normal eye. Spectral-domain OCT raster scan using the standard jpg
image (9-mm scan with aspect ratio of 3:2; 750 3 500 px). This image
demonstrates the V-shape of the RPE/BM layer that slopes away from
the vitreous, typically seen in normal subjects. (b) Normal eye.
Corrected 9-mm image that eliminates vertical stretch with an aspect
ratio of 9:2 (750 3 167 px). The numbered points demonstrate the
placement of 10 equidistant semi-landmarks that define the shape of
the RPE/BM layer (starting at the border of the BMO). The semi-
landmarks span a distance of 2500 lm on each side of the BMO. (c)
Papilledema. An example of a 9-mm raster image (3:2 aspect ratio; 750
3 500 px) demonstrating the inverted U-shape deformation, indenting
the globe toward the vitreous. (d) Papilledema. Same as (c) after
correcting the aspect ratio (9-mm scan, aspect ratio of 9:2, 750 3 167
px).
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failure. Five had a ventriculoperitoneal shunt, two had a
lumboperitoneal shunt, one patient underwent a ventriculo-
atrial shunt procedure, and one patient underwent a ventric-
ulostomy for hydrocephalus. The average time between the

preprocedure SD-OCT and the final successful shunting
procedure was 9 days (range, 3–19 days). Postoperative SD-
OCT was performed within a mean of 16 days except for one
patient with no follow-up who was ultimately seen 10 months
later. Six of the nine patients had papilledema and three had
secondary optic atrophy due to chronic papilledema at the
time of their baseline SD-OCT.

The mean age for the 30 normal subjects was 32.5 years
(range, 18–54 years), with 20 women.

Shape

Because the first two PCs accounted for most of the variance
among each group (76%–85%), only PC1 and PC2 are shown in
Figure 2. Principal component 1 implied a shape that ranged
from an inverted-U (invU) deflected toward the vitreous (on
the negative abscissa) to a V-shape (on the positive abscissa);
PC2 implied a relative expansion of the BMO to contraction of
the BMO. Principal component 3 (5%–14%), not shown in the
figures, implied an asymmetric anterior–posterior seesaw
deformation, that is, the anterior deformation was skewed
nasally (greater nasal than temporal) to a relatively symmetrical
flattening of the temporal and nasal ppRPE/BM layer.

FIGURE 2. Principal component analysis. (A) Pre and post lumbar puncture (B). Pre and post CSF shunt. (C) Pre and post medical treatment. (D)
Comparison of the post–medical treatment patients (from group C, red circles) to normal controls (black circles). Each plot shows the first two
principal components: PC1 along the abscissa and PC2 along the ordinate with percentage of the total variance in parentheses. Colored points

represent a PC score from each eye: pre, red; post, black. In (D), the red points represent the posttreated patients and black points are normal
controls. The arrows connect corresponding pre/post pairs (grey arrow highlights a shift from left to right along PC1; red arrow highlights either a
right to left shift or a negligible change in direction along PC1). For (A–C), the shape implied along PC1 depicts a continuum from an inverted-U
shape (negative abscissa) to a V-shape (positive abscissa). Principal component 2 (ordinate) describes the relative size of the BMO with relative
expansion (on the positive ordinate) and contraction (on the negative). In (D), PC1 implies flat line shape (on the negative) to a V-shape on the
positive side of the ordinate. Please see Results for a description and interpretation of plots (A–D). Briefly, for plots (A–C), nearly all ppRPE/BM
shapes tend to shift from a baseline inverted-U posteriorly toward the V-shaped contour (away from vitreous). In (D), the plot shows that even when
papilledema resolves after medical treatment, a measurable difference still exists in the shape of the RPE/BM layer from normal. Units along each x–y

axes represent Procrustes distance units. Both eyes from each patient are plotted in (A–C). One eye from each subject/patient is shown in (D).
Inverted U, shape of the peripapillary RPE/BM indenting the globe; V, V-shaped contour.

FIGURE 3. Consensus (mean) shapes from each of the cohorts. (A)
Lumbar puncture. (B) Cerebrospinal fluid shunt. (C) Medical
treatment. (D) Post medical treatment versus normal subjects. Pre
(baseline) shape, red line. Post treatment or post procedure, black

line. The red arrows show the difference from the consensus of both
pre and post groups (black dots). Top of the figure represents the
relative direction of the vitreous.
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Group A: Pre and Post LP. Figure 2A shows considerable

overlap in the shape of the RPE/BM layer between the baseline

pre- and post-LP scores along both PC1 and PC2; however,

there was a consistent tendency for the shape to shift right

along PC1 after the LP. With few exceptions, there was a small

relative posterior deformation of the ppRPE/BM layer away

from vitreous after a spinal tap, which was statistically

significant (10,000 permuted paired data, P < 0.001) for each

eye.

Group B: Pre and Post CSF Shunt. Figure 2B shows a

relative segregation of the pre- and posttreatment groups along

PC1. Before treatment the ppRPE/BM layer had an invU-shape

deflected toward the vitreous; after treatment the shape is

flattened or more V-shaped. The magnitude and the direction

of the shift were more evident in this group than in the LP

group. There was no clear segregation of the pre/post along

PC2. The difference between pre and post shunt was

statistically significant (10,000 permuted data, P ¼ 0.0001).

Group C: Pre and Post Medical Treatment. The findings

in this group (Fig. 2C) are similar to the shunt patients with

clustering of the pre– and post–medical treatment groups

along PC1. Again, there was a consistent rightward shift (from

invU-shape to V-shape). Although there appears to be a slight

upward positive shift along PC2 (i.e., expansion of the BMO)

there was no clear segregation of the pre to post groups along

PC2. The difference in shape was statistically significant

(10,000 permuted data, P ¼ 0.0001 for each eye analyzed

separately).

Post Medical Treatment Versus Normal Controls. Al-

though papilledema resolved after medical treatment there was

a persistent difference in shape between treated patients (red)

and normal controls (10,000 permuted data or P¼ 0.0001; Fig.

2D). The invU-shape noted in the previous groups along PC1

was flatter on the negative side of the abscissa and the V-shape

was more pronounced on the positive. The two pre–post

groupings were clearly segregated along PC1 but not along PC2.

FIGURE 4. Case summary: sequential SD-OCT horizontal raster images (3:2 aspect ratio) from the right eye of the case described in the text. Bottom

inset shows superimposed composite tracings of the corresponding ppRPE/BM layer from raster images (a) through (d). Refer to the case
description in the text for timeline and corresponding clinical findings. Bottom inset with composite superimposed and aligned tracings illustrates
how displacement data were calculated by measuring the posterior displacement between images (b) and (d). Mean displacement (431 lm) is the
average of the temporal (528 lm) and nasal (333 lm) displacement.
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The consensus (mean) shapes from each of these compar-
isons are shown in Figure 3.

Mean RNFL Thickness

The mean RNFL (6standard deviation) from each group at
baseline (pre) and follow-up (post) for each eye is summarized
in Table 1.

There were no differences in the mean RNFL thickness at
baseline among groups A, B, and C. The ANOVA on log-
transformed mean RNFL was as follows: OD: F¼ 1.04, df¼ 52,
P ¼ 0.36; OS: F ¼ 0.61, df ¼ 52, P ¼ 0.55.

Over the short term, the average decrease in thickness for
the LP group (group A) was�55.7 lmþ 58.1 and for the shunt
group (group B), �171.0 lm þ 121.0. The long-term decrease
in RNFL with medical treatment (group C) was �200.0 lm þ
125.5. As a percentage of baseline (pre) RNFL thickness, the
decrease in each group was�18% (group A),�50% (group B),
and �70% (group C). The decrease in mean RNFL thickness
between pre and post for each group (A, B, C) and each
corresponding eye (row a versus c, and row b versus d) was
statistically significant (at least P < 0.05 , paired t-test; Table 1).

The post–medical treatment mean RNFL (OD: 95 6 23 lm)
was nearly identical to the normal controls (OD: 92 6 10 lm).

Displacement

The mean displacement of the RPE/BM layer at the BMO
border for each pressure-lowering intervention group (groups
A, B, and C) in each eye is shown in Table 1. All three groups
showed a posterior (negative) deformation.

There was a statistically significant difference in the means
(ANOVA: error mean square [MS] ¼ 24766, df ¼ 52, MS three
groups ¼ 181810, P < 0.002; group A [lumbar puncture] was
significantly different from the other two groups).

We also observed that the mean displacement was greater
on the nasal side (OD: 201 6 205 lm; OS: 216 6 184 lm) than

the temporal side (OD: 144 6 153 lm; OS: 178 6 159 lm).
The difference was statistically significant (paired t-test, OD: P

< 0.001; OS: P < 0.001).
The relationship between the change in shape, displace-

ment, and change in mean RNFL thickness was evaluated and
summarized in Table 2. There was highly significant correlation
between displacement and shape for all three groups of
patients. In the short-term groups (A and B) there was no
significant correlation between the change in mean RNFL with
either shape or displacement. In the case of the long-term
group (C) there was a moderate correlation between shape and
RNFL (r ¼ 0.44) and displacement and RNFL (r¼ 0.36).

The mean BMO diameter from the medically treated group
(A) at baseline was 1406 6 167 lm, and post medical
treatment it was 1386 6 160 lm. The mean BMO diameter in
the normal subjects was 1396 6 141 lm. The differences were
not significant.

There were no statistically significant interocular differenc-
es with respect to mean RNFL (paired t-test), displacement
(paired t-test), or shape (10,000 permutations).

Case Illustration

The case description that follows (Fig. 4) illustrates how the
shape of the ppRPE/BM layer can help manage a patient with
chronic atrophic papilledema and shunt failure.

A 32-year-old woman with a history of Lyme disease–
induced left facial nerve palsy, meningitis, and chronic
papilledema underwent a lumboperitoneal shunt for progres-
sive vision loss in 1997. In April 2013 she had an acuity in both
eyes of 20/25, constricted visual fields with optic atrophy, and
a mean RNFL of 63 lm OD and 66 lm OS (Fig. 4a). The shunt
was removed in August 2013 after an abdominal injury.

In September 2013 the patient presented with 3-day history
of painless vision loss and on examination had counting fingers
OD, 20/70 OS, and bilateral optic atrophy without papillede-
ma. The SD-OCT showed a mean RNFL of 109 lm OD, 150 lm
OS, and a new bilateral anterior deformation of the ppRPE/BM
layer in both eyes (Fig. 4b). The patient was found to have an
CSF opening pressure of 35 cm H2O and underwent urgent
lumboperitoneal shunting.

Three days later, vision decreased to hand motion OD,
counting fingers OS. The SD-OCT showed slight improvement
in the RNFL (OD: 98 lm; OS: 110 lm); however, the shape of
the ppRPE/BM layer was still deflected toward the vitreous,
again raising concerns that the newly placed shunt (Fig. 4c)
was not functioning. The patient was readmitted and found to

TABLE 1. Mean RNFL Thickness and Displacement

Lumbar

Puncture

CSF

Shunt

Medical

Treatment

Row LabelA B C

Mean RNFL thickness

Baseline, pre

OD 309 lm 6 136 344 lm 6 95 294 lm 6 137 a

OS 303 lm 6 167 304 lm 6 121 262 lm 6 140 b

Post

OD 253 lm 6 129 173 lm 6 70 95 lm 6 23 c

OS 234 lm 6 123 162 lm 6 101 94 lm 6 23 d

Mean displacement

OD �74 lm 6 96 �294 lm 6 175�211 lm 6 190 e

OS �105 lm 6 80 �366 lm 6 80 �211 lm 6 172 f

The table summarizes the pre–post mean (6standard deviation)
RNFL thickness of patients with papilledema of each eye from the three
cohorts. Each column is labeled with group letter in uppercase; each
row is labelled with lowercase letter in the last column on the right.
Mean displacement for each eye represents the distance between
baseline pre and post positions of the RPE/BM layer at the border of the
BMO. Negative values represent a relative posterior axial displacement
(away from the vitreous). The mean RNFL calculations from group B
are based on six of nine patients with papilledema; three of the
patients with optic atrophy were excluded. There was no significant
difference in the mean RNFL thickness at baseline between any of the
three groups. The drop in RNFL thickness between the baseline and
post RNFL was statistically significant for all three groups and for each
corresponding eye.

TABLE 2. Pearson Correlation Coefficients Between Shape Change,
Displacement, and Change in Mean RNFL by Group

Group A B C

OCT Parameter

Lumbar

Puncture

CSF

Shunt

Medical

Treatment

Shape vs. Displacement r ¼ 0.66 r ¼ 0.76 r ¼ 0.87

P < 0.001 P < 0.001 P < 0.001

Shape vs. RNFL r ¼ 0.15 r ¼ 0.33 r ¼ 0.44

ns ns P < 0.01

Displacement vs. RNFL r ¼ 0.28 r ¼ �0.23 r ¼ 0.36

ns ns P < 0.02

‘‘RNFL’’ in this table refers to the change in mean RNFL thickness
between pre and post intervention. ‘‘Shape’’ in this table represents
the Procrustes distance between the pre and post intervention, that is,
the change in shape. Procrustes distances were generated with GM
software tpsSmall.22 Group B excludes three patients with optic
atrophy at baseline. ns, not significant.
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still have an elevated ICP at 27 cm H2O. The lumboperitoneal
shunt was removed, and a ventriculoperitoneal shunt was
placed. Postoperatively, the mean RNFL decreased (OD: 79 lm;
OS: 69 lm) and shape returned to baseline (Fig. 4d). Vision
improved to 20/200 in both eyes.

DISCUSSION

The results of this study can be summarized as follows: (1) the
ppRPE/BM layer in patients with ICH and papilledema had a
contour characterized by an asymmetric invU-shape, skewed
nasally toward the vitreous; normal subjects usually displayed a
symmetrical, mild V-shape, oriented posteriorly away from the
vitreous. These findings are consistent with those of previous
reports16,17; (2) the shape of the ppRPE/BM layer is a dynamic
property that changed, after lowering the ICP, from an invU-
shape to one that is flatter or V-shaped in all three groups; (3)
shape change, over the long term (group C), was accompanied
by a decrease in the mean RNFL thickness and posterior
displacement at the margin of the ppRPE/BM layer; (4) the
magnitude of the change with respect to shape, mean RNFL
thickness, and displacement was significantly greater in the
CSF shunt group (group B) and medically treated group (group
C) than in the LP group (group A); all three groups showed a
statistically significant change in shape and RNFL thickness; (5)
deformations in shape can occur in patients with ongoing ICH
who have secondary optic atrophy and thus, deformation may
not always correlate with the degree of papilledema or RNFL
thickness; (6) despite the resolution of papilledema after
medical treatment and improvement in shape, the ppRPE/BM
layer remained slightly deformed compared to that of normal
subjects; (7) there was no significant change in the diameter of
the BMO; and (8) posterior displacement was strongly
correlated with shape changes.

Using GM analysis, we found a consistent pattern of shape
changes across each of the ICP-lowering interventions even
when these changes were not apparent by visual inspection of
the raster scan. The shape component that best distinguished
pre and post raster scans, displayed as a rightward shift along
PC1, was an anterior to posterior deformation of the ppRPE/
BM layer. This change was statistically significant among all
three groups. Although the relative diameter of the BMO
(implied along PC2) was the second major source of shape
variance, it did not distinguish the pre and post SD-OCT images
among any of the cohorts. We confirmed this by measuring the
BMO diameter directly and found no significant differences in
diameter between pre and post in the medical treatment group
and normal controls.

As an investigational tool, the precision and sensitivity of
GM is unparalleled but without an automated algorithm that
digitizes and analyzes the shape of the RPE/BM layer, its use as
a clinical tool is limited. Nonetheless, an assessment of shape
can still provide clinically useful information. For example,
there are instances, as in Figures 1c, 4b, and 4c where
pathologic shape deformation due to ICH is obvious. However,
because there is considerable variability and overlap in the
shape of the ppRPE/BM layer between normal patients and
those with papilledema, the distinction can sometimes be
difficult. This study showed that measurement of displacement
is highly correlated with shape (Table 2) and can serve as a
quick and convenient surrogate for shape analysis. The process
involves superimposing two tracings of the ppRPE/BM layer
and comparing baseline to follow-up raster images, as
illustrated in the bottom inset of Figure 4.

Papilledema is a consequence of compression of the
retrolaminar optic nerve due to ICH, which obstructs
axoplasmic flow and distends the prelaminar and peripapillary

axons.8–10,26 The degree of RNFL thickening can be quantified
by using SD-OCT by averaging the peripapillary RNFL
thickness.3,11–14,27,28 Scott et al.3 have validated the mean
RNFL thickness as a measure of the degree of disc edema by
correlating it with a modified Frisen-graded optic disc photos.
This parameter has proved helpful in the management of
patients with ICH but has several important limitations.15

These include variability between and within individuals, a
temporal lag between the ICP and RNFL thickening, failure of
the algorithm with severe papilledema,3,4 and dissociation
between the structural changes and visual function.15 Despite
these limitations, we still believe that the SD-OCT–derived
RNFL thickness is currently the best way of gauging the
structural degree of papilledema. Recent studies4 suggest that
newly developed 3D-segmentation algorithms that quantify
mean RNFL, total retinal thickness, and optic disc volume may
provide a more reliable measurement of papilledema than the
algorithms used in many commercial devices.

Attention to the peripapillary subsurface shape may
complement the mean RNFL in the assessment of patients
with ICH. In general, mean RNFL thickness decreases after
intervention, with a small decrease after an LP and larger drops
after a CSF shunt or medical treatment. However, there were
three patients (in the CSF shunt group [group B]) who showed
significant improvement in shape but little or no change in
RNFL thickness after treatment because their optic nerves
were atrophic. We have previously shown16,17 that the anterior
deformation of ppRPE/BM layer does not hinge on the
presence of disc edema, as there is no deformation in patients
with equivalent degrees of ischemic disc edema. Shape
deformation is a response to changes in the ICP and the
biomaterial properties of the sclera (see below).

We have also observed several cases in our series where
shape change preceded the change in the mean RNFL,
suggesting that shape may respond more rapidly than RNFL.
This may explain why mean RNFL thickness was correlated
with shape and displacement over the long term in medically
treated group (C) but not in the short term in the LP (A) and
shunt (B) group of patients. Attention to subsurface shape on
SD-OCT may be particularly helpful in patients with ICH and
optic atrophy, as was illustrated in the case report above, or in
patients with pseudopapilledema.

The shape deformations observed in this study are best
explained in terms of the biomechanical paradigm proposed by
Burgoyne, Downs, and others in the study of glaucoma. Briefly,
the load-bearing sclera and lamina form a border between the
intraocular and subarachnoid compartments, each with its
own opposing fluid pressure. Any change in the translaminar
pressure gradient (intraocular pressure � cerebrospinal fluid
pressure) imposes a stress and strain that may, depending on
the magnitude, direction, structure and compliance, alter the
structure of the lamina cribrosa and the peripapillary
sclera.29–35

Depending on scleral compliance, an increase in intraocular
pressure can result in posterior deformation or stretching and
flattening of the lamina cribrosa and peripapillary sclera. The
intracranial pressure in the perioptic subarachnoid space
compresses the retrolaminar optic nerve and the peripapillary
scleral flange. A relative increase in CSF and retrolaminar tissue
pressure deforms the ppRPE/BM layer and the subjacent sclera
toward the vitreous.31,35–40 These studies41–43 have stimulated
interest in the role of low CSF pressure as a risk factor in
glaucoma. The model also predicts that a decrease in
compliance or stiffening of the optic nerve sheath may result
in shape changes as well, which may also explain similar
deformations in patients with presumed optic nerve sheath
meningiomas.44
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Although the biomechanical model for glaucoma is applica-
ble to ICH, there are important differences. For one, the
biomechanical model in glaucoma, in its simplest form, is rooted
in Laplace’s law describing the internally generated stress on a
thin-walled pressurized sphere with a circular opening at the
neural portal.39 The biomechanics have been shown to be much
more complex.31,35,40,45–47 In contrast, the stress and strain in
ICH is the result of an external indentation at the nerve head and
subarachnoid scleral flange. Equally important are differences
between glaucoma and IIH with respect to age, sex, anatomy,
tissue compliance, cellular susceptibilities, blood flow, and
genetic factors, to name but a few.

The failure of the ppRPE/BM to resume a ‘‘normal’’ shape
after papilledema resolved clinically and the normalization of
the RNFL thickness was unexpected. The cause is unknown
but may involve a variety of factors that include remodeling of
the connective tissue of the optic nerve head and persistent
subclinical ICH; alternatively, these shapes may be normal for
this demographic group.

Based on both GM and displacement analysis, deformation
of the ppRPE/BM layer in papilledema was asymmetric, greater
on the nasal than temporal ppRPE/BM layer. It is noteworthy
that the earliest signs of papilledema show thickening along
the nasal margin of the optic disc (stage I Frisen scale). The
explanation is unknown but probably involves the structural
geometry of the optic nerve head, specifically the acute angle
of insertion nasally that results in more bending, if not outright
kinking of the nasal axons and the distension of the optic nerve
sheath at the optic nerve head. Compliance may also play a
role. For example, in monkeys the nasal peripapillary sclera is
thinner and possibly more compliant.32,48 However, other
animal studies have failed to show any regional differences.49

The measurement and monitoring of ICP are essential in
managing patients with ICH and they provide clinically
consequential information about the central nervous system.
Methods that accurately measure ICP are invasive and use
transcranial or lumbar thecal probes or needles that risk
hemorrhage or infection. Noninvasive testing, including
magnetic resonance imaging and computerized axial tomogra-
phy imaging, transcranial Doppler ultrasonography, tympanic
membrane displacement, and ultrasound measurements of the
optic nerve sheath diameter, have provided useful supporting
information but each has limitations.50 Our study shows that
SD-OCT can provide useful information about the status of the
ICP, based on the complementary use of the mean RNFL and
the shape of the ppRPE/BM. The ease of use, widespread
availability, and low risk are advantages. Future studies would
need to establish the precise correlation between a given ICP
and shape or change in shape in order to estimate ICP from this
OCT parameter.

There are several limitations to this study. First is that this
was a retrospective analysis of a small numbers of patients with
variable follow-up intervals, perhaps mitigated by the consis-
tency and magnitude of the results we obtained from each
group. Second, inherent artifacts exist when using SD-OCT,
which have been previously reported, especially off-axis
images (which were excluded in this study).16,51 Third, the
displacement analysis treats the peripheral segments of the
ppRPE/BM layer as a reference plane, an assumption that can
only be verified by visualizing the shape of the entire globe.
Thus, displacement should be considered a relative measure of
deformation. Lastly, this study showed that the SD-OCT is
sensitive enough to detect a small, but statistically significant
change in the RNFL, displacement, and shape within a 2-week
window after an LP. In this study, the baseline OCT for the
medically treated group was obtained after the LP, before
treatment. Although this may represent a potential confound-
ing factor, we suspect that over the long term the effect is

relatively small. Future studies on the treatment of IIHT that
use the OCT to quantify papilledema as an outcome measure
need to consider the potential effects that an LP might have on
the baseline and follow-up OCT, especially in the short term.

Despite these limitations, we suggest that GM is a useful
investigational tool to study the shape characteristics of the
eye. Clinically, examination of the subsurface shape and
displacement of ppRPE/BM layer provides useful information
about the ICP, which may supplement the use of the mean
RNFL and funduscopic examination in the diagnosis and
management of patients with papilledema.
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