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Purpose: Poor fixation or nystagmus in children causes misalignment errors when
measuring circumpapillary retinal nerve fiber layer (coRNFL) thickness by simultaneous
scanning laser ophthalmoscope imaging/optical coherence tomography (SLO/OCT). We
investigated a method to assess cpRNFL from misaligned SLO/OCT scans.

Methods: Heidelberg Spectralis SLO/OCT scans from a single clinical examination were
retrospectively analyzed when automated eye tracking was unreliable. Retinal layer
thickness was measured at overlapping match locations between a reference and
misaligned scans based on the position data from simultaneously acquired SLO images.
Three layers were segmented: cpRNFL, internal limiting membrane to outer nuclear layer
(ILM-ONL), and total retinal thickness (TR). Accuracy was defined as the difference in
thickness between the reference and misaligned scans at their match locations after
correction for scan angle.

Results: Thirty-five subjects, evaluated for glaucomatous nerve loss, met inclusion crite-
ria. Group-averaged accuracy was —2.7, 1.4, and 0.3 pm for cpRNFL, ILM-ONL, and TR
thickness, respectively. Across all layers, interobserver intraclass correlation coefficients
ranged from 0.97 to 0.63 and the maximum Bland-Altman 95% limits of agreement were
—21.6 to 20.7 um. Variability was greatest for coRNFL thickness and least for TR thick-
ness. Increased variability was associated with lower signal-to-noise ratio but not with
image-motion indices of shear, rotation, and scale.

Conclusions: Retinal layer thickness can be compared to a reference cpRNFL OCT scan
when poor fixation and nystagmus causes misalignment errors. The analysis can be
performed post hoc using multiple misaligned scans from standard SLO/OCT protocols.

Translational Relevance: Our method allows for assessment of cpRNFL in children who
fail eye tracking.

movements or poor fixation is one of the most common

Introduction

Assessment of retinal nerve fiber layer (RNFL)
thickness by spectral domain optical coherence tomog-
raphy (OCT) is important for managing glaucoma or
secondary glaucoma in pediatric subjects. In children
with poor fixation, the RNFL can be measured by a
circumpapillary scan (cpRNFL) because of its rapid
acquisition time. Precisely centering the cpRNFL scan
onto the optic disc is critical for accurate compari-
son of a subject’s cpRNFL to standardized cpRNFL
measurements.’-> Decentration of the scan due to eye
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artifacts encountered with OCT imaging.® Significant
changes in retinal layer thickness occurs when the
cpRNFL scan is misaligned by about 42 um in the
vertical or horizontal direction.?* Detection of disease
progression also requires precise alignment of follow-
up cpRNFL scans to a baseline (reference) to elimi-
nate erroneous changes in RNFL thickness because of
position artifacts. To maintain accurate alignment to
the retina, the Spectralis OCT (Heidelberg Engineering
GmbH, Heidelberg, Germany) incorporates simulta-
neous scanning laser ophthalmoscope imaging (SLO)
and automated eye tracking (TruTrack). TruTrack
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Active Eye Tracking is a patented technology that uses
a second laser beam to actively track the eye during
OCT scanning to avoid motion artifact. TruTrack
allows averaging of b-scans after internal compen-
sation for eye movement artifacts, fixation errors,
and head tilt. The number of averaged b-scans after
TruTrack compensation is referred to as “ART.”

Fixation in patients with childhood glaucoma can
be limited for multiple reasons such as inatten-
tion, nystagmus related to central vision loss, and
manifest latent nystagmus due to subnormal binocu-
larity. Nystagmus may emerge, or increase in inten-
sity, when monocularly viewing a target in the OCT
machine. The large amplitude eye movements in these
subjects causes significant position errors when real-
time eye tracking is unreliable. The difficulty of the task
is shown by simulating circumpapillary b-scan motion
artifacts based on eye movements in children with
manifest latent nystagmus.® In Figure 1A, a healthy
control child maintains alignment of multiple circum-
papillary scans with a reference scan (blue circle) in
the presence of small fixational eye movements. In
contrast, Figures 1B and 1C show that circumpap-
illary scans rarely, if ever, align with the reference
scan in subjects with nystagmus (also see Discussion).
Therefore subjects with large eye movements or nystag-
mus are excluded from clinical studies because of
artifacts.®’

Sophisticated methods have proposed motion
artifact correction using multiple orthogonal OCT
volumes.® ! Unfortunately, these methods incorpo-
rate custom volumetric OCT scanning methods or use
hardware that is unavailable on commercial devices.
Moreover, custom methods may not be applicable
to pediatric subjects given the large eye-movement
artifacts shown in Figure 1. We sought to develop
a method that measures retinal layer thickness in
misaligned cpRNFL scans due to eye movement
artifacts using a Spectralis device in a clinical setting.
The analysis proposes that multiple misaligned scans
acquired during poor fixation will have overlapping
matching locations to a reference scan like that shown
in Figures 1B and 1C. Assuming the collection of
misaligned scans have good coverage of the refer-
ence scan position, it is possible to extract cpRNFL
thickness from these misaligned scans at the matching
locations. A critical component is to devise a method
that can determine where the reference and misaligned
scans would match in retinal position and then segment
retinal layers only at these matching locations.

Another goal of this study is to assess the accuracy
of the methodology from retrospective records in a
clinical setting. To accomplish this goal, we compare
retinal layer thickness (including cpRNFL thickness)
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Figure 1. Simulation of circumpapillary scan positions over time in
3 subjects with different levels of fixation. The left side shows the
same SLO image with a circumpapillary reference scan (blue circle)
placed at identical positions. In (A), the child with stable fixation
maintains circumpapillary scan positions near the reference scan at
velocities < 20 degrees/second (green circles, color coded by veloc-
ity). (B) A subject with moderate amplitude nystagmus would have
poor positioning with respect to the reference scan due to both
horizontal and vertical eye movements. (C) Subject with large ampli-
tude nystagmus and re-fixation saccades have large variation in scan
locations and eye velocity such that accurate positioning is not possi-
ble for the entire recording. Traces to the right are corresponding
video-oculography recordings of horizontal (H) and vertical (V) eye
movement positions. For the horizontal trace, upward deflections
are rightward movements and downward deflections are leftward
movements. For the vertical trace, upward deflections are upward
movements and downward deflections are downward movements.
The fovea position is determined manually when it is visible
(blue square).

5 seconds

at the matching locations between a chosen reference
scan and all misaligned scans. We use data from a single
imaging session to remove variability due to disease
progression Furthermore, we assessed clinical factors
and motion artifacts that might contribute to measure-
ment errors in this analysis. Under ideal circumstances
there will be no difference in layer thickness between
the reference and the misaligned data.

Retrospective review of patient records was
approved by the Institutional Review Board of Seattle
Children’s Hospital and conformed to the requirements
of the United States Health Insurance Portability and
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Privacy Act. Subjects were younger than 18 years of
age (except when older subjects were referred to our
service), who were selected from a cohort of records
seen at Seattle Children’s Hospital from December
2009 to July 2013. All subjects were being observed for
risk of glaucomatous-related damage to the RNFL.

Imaging was obtained by the Spectralis OCT/SLO
(Heidelberg Engineering, Germany). Our standard
imaging protocol incorporates a cpRNFL scan
(approximately 3.5 mm diameter, 768 x 497 pixels).
Simultaneous SLO images were acquired in approx-
imately 96 milliseconds (768 x 768 pixels; 30° x 30°
field) at a nominal resolution of 8.7 x 8.7 mm or
11.3 um/pixel. OCT images were acquired in approxi-
mately 20 milliseconds using high-speed mode (40,000
A-scans/second; 768 a-scans per b-scan) with nominal
3.9 um/pixel in the axial dimension and approximately
10 to 14 um/pixel in the lateral dimension. For all
analyses in this study, each subject’s data used the
data, position coordinates, and conversion factors that
were supplied by Heidelberg Eye Explorer (HEYEX)
software version 1.10.4.0.

Our standard protocol in children with poor
fixation or nystagmus has been to attempt “Tru-Track”
automated eye tracking with a ¢cpRNFL scan. If
TruTrack failed after multiple attempts (i.e., before the
Spectralis software automatically aborted eye track-
ing due to laser exposure duration), we then acquired
numerous single cpRNFL scans until either there
were at least two scans centered near the optic disc,
the child became too inattentive to continue, or the
Spectralis automatically aborted because of laser-
exposure duration. In these subjects, it was not possible
to predict how accurately the scans were centered on
the optic disc until post hoc. Furthermore, volumetric
scans could not be acquired if the TruTrack compo-
nent failed. Note that the Spectralis device could have
an ART value greater than 1 for single cpRNFL
scans after pressing the “acquire” button, which was
related to random factors out of our control such as
nystagmus-related foveation periods or brief moments
of adequate fixation. Head movement was reduced by
gently holding the child’s forehead to the head-rest bar
if needed.

Subject selection was aided by searching through
a Spectralis database with a combination of codes
(nystagmus, latent nystagmus, increased intra-ocular
pressure, large cup-to-disc ratio, congenital glaucoma,
aphakic glaucoma, acquired glaucoma, anterior
segment dysgenesis, aniridia, Stickler’s syndrome,
Sturge-Weber syndrome, and anterior uveitis). The
inclusion criteria for this study were (1) subject visits
in which the Spectralis aborted TruTrack (as described
above) and (2) a minimum of five SLO/OCT images
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showing that automated eye tracking was aborted
(e.g., SLO images have a dashed green line indicating
strong eye movements). Intermittent ART averaging
(determined by internal Spectralis criteria) was not
used in the inclusion or exclusion criteria. Subjects
with severe optic nerve loss were excluded if the global
cpRNFL thickness was less than 30 um (as scored by
HEYEX automated segmentation) to avoid having the
floor effect influence the analysis of the method. The
eye with the greater number of OCT/SLO images was
analyzed from each subject.

All imaging data in this study were acquired only
during a single session to ensure there were no changes
to the optic nerve. The image quality score, which is
the estimated signal-to-noise ratio (SNR) in dB units,
was not used in the exclusion criteria. A single refer-
ence scan was chosen for each subject judged to have
a combination of minimum apparent motion-artifacts
on the SLO and OCT, having the closest alignment
with the center of the optic disc, and the highest SNR
on OCT. Whether a reference scan had partial averag-
ing by ART was not used in the inclusion criteria.
The reference scan could be misaligned from optimal
centering on the optic nerve but served as the compar-
ison for all misaligned scans.

Retinal Layer Segmentation

Software was developed that matched sections of
misaligned OCT scans to the reference cpRNFL scan
based on SLO coordinates, which then segmented
retinal layers at matching locations.!”> The software
was a modification to a previous release (http://fac
ulty.washington.edu/jokelly/manualoct). The program
imported raw XML/TIFF files from HEYEX software
and had a graphical-user-interface for image process-
ing and real-time segmentation while simultaneously
viewing corresponding SLO and OCT images (Fig. 2).
Images were excluded from the analysis if there were
no matching loci to a reference scan, or the user
deemed the SLO/OCT images had excessive noise,
shadows, or image clipping that prevented detec-
tion of retinal layers. Under all conditions, the user
viewed the raw SLO and OCT images and subse-
quent segmentation at an increased magnification of
1.5 to better view retinal layer boundaries (simulat-
ing the Spectralis HEYEX interface). The user could
then apply custom contrast-luminance windowing or
median filtering. Initial segmentation of retinal layers
on the OCT image were performed in the background
with the aid of the OpenCV C++ library (source
code and documentation at www.opencv.org). For the
purpose of segmentation, the OCT image was down-
sampled x4 and then underwent a processing stream of
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Figure 2.

and misaligned OCT

Schematic of the methodology. Top, a reference SLO/OCT scan is selected for each subject and is segmented into three layers

by the software as shown by control points (red dots on OCT image) with spline fitting. At right the thickness of the retinal nerve fiber layer
serves as a standard for comparisons and is plotted on the Spectralis normative template. The software stores a copy of the optic disc image,
centered on the reference circumpapillary scan, and uses the image to find its location on all other misaligned scans (center of the match
location is shown by the orange box). The match of the optic disc determines where the reference scan would lie on all other scans and is also
used to quantify image distortion due to eye movements. The software then finds matching loci on the SLO image between the reference
scan (green circle) with the misaligned OCT scan position (blue circle). The match regions on the SLO are indicated by arrows, while the red
regions show the corresponding matching locations on the OCT (right side). The user ensures that layer segmentation is accurate only in
the highlighted red regions as these locations will be analyzed. Layer thickness for matching regions are accumulated across subsequent
misaligned OCT scans, which are then plotted along with the reference (gray line) in the bottom plot. The difference in thickness between

the reference and all misaligned scans are used to assess accuracy. Note, not all data are shown for clarity.

two-dimensional (2D) median blur, k-means segmen-
tation, erode function, then adaptive thresholding and
then image dilation. Each OCT scan was segmented
into three different retinal thickness: (1) the internal
limiting membrane (ILM) to retinal nerve fiber layer
(cpRNFL), (2) the ILM to the outer nuclear layer
(ILM-ONL), and (3) total retinal from the ILM to
Bruch’s membrane (TR). The initial searches started
at 32 equal positions across the OCT scan. A control
point was placed on the full-scale image at each of the

32 locations, and then each layer boundary was fit by
Catmull-Rom splines. Each layer thickness was then
derived from the vertical position offsets of the spline
fit after appropriate scaling. Layer segmentations could
be automatically adjusted in real-time by the user using
contrast windowing or the user could manually reposi-
tion, add, or delete spline points to ensure an accurate
match to the layer boundary (simulating the Spectralis
HEYEX software interface). There was no correction
for axial motion.
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Matches Between Reference and Misaligned
Scans

After exporting all files from HEYEX, each
subject’s session started with the chosen reference scan.
The user clicked the fovea location so that all measure-
ments were corrected for rotation of the center of
the cpRNFL scan with the fovea. After the retinal
layers were segmented and corrected for angle, a
256- x 256-pixel SLO image of the reference optic
disc (centered on the cpRNFL scan) was stored to
find its location in all subsequent misaligned images
for that subject. In this manner, all segmentations
were limited only to b-scan and a-scan locations that
matched the reference OCT scan location (e.g., a
series of locations highlighted in red in Figure 2).
The matching alignment of the reference optic disc
image to all subsequent SLO images was deter-
mined by the OpenCV “Features Accelerated Segment
Test, adapted pyramid feature-detection, with random
sample consensus outlier removal” algorithm (FAST-
RANSAC). The matching algorithm created a perspec-
tive (homography) transformation matrix from which
translation, rotation, scale, and image shear coeffi-
cients of a rigid body could be derived documenta-
tion at https://docs.opencv.org/master/d9/dab/tutorial _
homography.html). If the FAST-RANSAC matching
failed, the search used a normalized cross-correlation
assuming a rigid 2D affine transform (then image shear
was assigned a value of 0.0, and horizontal and vertical
scaling were assigned a value of 1.0). The user always
had an option to override the automated location
match by manually setting the position of center of the
reference scan. Under all circumstances, an image of
the reference optic disc and its center were available for
visually inspecting the alignment. The user then clicked
the fovea location so that all measurements could be
corrected for rotation of the fovea with respect to the
center of the cpRNFL scan. If the fovea was not visible,
it was taken to be of the same angle as the reference
scan.

The search algorithm stepped the angle « in incre-
ments of 2x/OCT pixel width. An array of «,x,y
coordinates derived from the SLO image for the refer-
ence were generated for all values of « as follows:

Ref («,x, y) = (eC x cpR * COS (o) + Rx, cpR* — SIN () + Ry).

Then an array of «,x,y coordinates for the
misaligned image were generated as follows:

mOCT («, X, y)=(eC * cpR * COS («) + Sx, cpR*x—SIN («) +Sy),

where eC is -1 for the right eye and 1 for the left
eye, cpR is the radius of the circular scan, Rx, Ry
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and Sx, Sy are the center coordinates of the reference
and misaligned cpRNFL scans, respectively (all values
exported by HEYEX software). A brute-force search
then found matching locations that met a distance
criterion allowing for slight variations in position
was set by absolute differences between the reference
and misaligned coordinates (ABS(mOCT («’,x) — Ref
(a,x)) < 1.5,and ABS(mOCT («’,y) — Ref (a,y)) < 1.5).
We then corrected for angle o”= (o, Sx, Sy) — (fovea
angle, Rx, Ry).

SLO/OCT scans were analyzed by two graders
(author JPK with eight years of OCT experience and
author FMB with eight years of experience treating
glaucoma but inexperienced with manually segment-
ing OCTs). The graders were masked to details of the
subject’s clinical findings. Interobserver agreement was
performed by having FMB repeat all measurements on
all subjects. The final analysis only used the data scored
by JPK rather than pooling data from both graders. To
address small head tilts and software derived transla-
tion and ONH-fovea-angle rotations, all variability and
accuracy measures were matched for cpRNFL scan
angle to within £5°.

Data were analyzed using Excel 360 (Microsoft
Corporation, Redmond, WA, USA) or SPSS (version
12; IBM Corp. Armonk, NY, USA). Accuracy was
defined as the difference in thickness between match-
ing points on the misaligned scan and the reference
scan after correction for scan angle. If the process
was without any systematic error, the average for each
subject would be 0.0 for all layers while the standard
deviation assessed measurement variability. Variability
and accuracy were evaluated by coefficient of varia-
tion (COV), intraclass correlation coefficient (ICC),
and Bland-Altman plots. Clinical and imaging factors
were assessed in a multiple regression model to predict
the variability of thickness measurements. The depen-
dent variable was standard deviation of accuracy. The
independent variables were (1) logMAR visual acuity,
(2) cup-to-disc ratio, (3) spherical equivalent refrac-
tive error, (4) ART value of the reference SLO, (5)
ART value of the reference OCT, (6) number of match
location, (7) SNR of the reference OCT, and (8) average
cpRNFL thickness of the reference.

From a total of 294 relevant database records, 40
subjects were identified who met inclusion criteria.
Five of these subjects were excluded due to inadequate
imaging and the remaining 35 subjects were analyzed
(Table). Best corrected visual acuity, in log minimum
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Table. Patient Data

Primary etiology (no.)
Anirdia
Anterior segment dysgenesis
Aphakia
Congenital glaucoma
Glaucoma suspect
Juvenile glaucoma
Pseudophakia
Sturge-Weber
Uveitis, aphakia
Sex (no.)
Male
Female
Tested eye (no.)
Right
Left
Age (years)
Mean
SD
Minimum
Maximum
Log MAR
Mean
SD
Minimum
Maximum
Spherical equivalent (diopters)
Mean
SD
Minimum
Maximum
Cup-to-disc ratio
Mean
SD
Minimum
Maximum
Mean OCT quality score
Mean
SD
Minimum
Maximum
No. matching loci to reference
Mean
SD
Minimum
Maximum

e < J -

- =W hN

19
16

18
17

9.2
5.1
2
26

0.57
0.45
-0.12
1.70

0.67
7.77
—14.25
18.75

0.48
0.25
0.10
0.95

194
6.1
6.8

33.8

313

356
40

1944

Log MAR, visual acuity in logarithm of minimum and of

resolution.
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angle of resolution (logMAR), ranged from —0.12 to
1.70. Therefore the study included subjects with good
vision having poor fixation and/or latent nystagmus,
and subjects with poor fixation due to significant visual
loss. Spherical refractive error was uncorrelated with
best corrected logMAR. The average cpRNFL thick-
ness of the reference image was uncorrelated with
spherical refractive error, best corrected logM AR, clini-
cal cup-to-disc ratio, SNR, ART values, and number
of matching locations (all correlations; P > 0.05). To
avoid intersubject sample bias, the Table reports each
subject’s averaged value. The ART values and SNR,
which were not used in inclusion/exclusion criteria,
varied greatly from 1 to 100 for ART, and from 2 to
39 for SNR.

A total of 487 SLO/OCT images were available
from the 35 subjects. Of the 487 images, 119 were
excluded, 35 images were used for the reference, and
333 images were used for misaligned scans. From the
333 misaligned image pairs, there were 10959 match-
ing a-scan locations to their corresponding reference
locations. As this was a retrospective analysis, some
subjects had short testing times that resulted in fewer
scans (average number of scans per each subject = 24;
minimum 6; maximum 60) and thus a smaller number
of matching locations (Table). The automated optic
disc alignment was accepted in 309 of 333 SLO images
(92.8%), of which 266 images were successfully aligned
by the FAST-RANSAC algorithm (79.9%). In 20 of
35 subjects, the reference scan had some level of ART
averaging as set by internal Spectralis acquisition crite-
ria even though TruTrack was aborted (median = 4,
first quartile = 4, third quartile = 9).

The group averaged accuracy was -2.7, 1.4, and
0.3 um for cpRNFL, ILM-ONL, and TR thickness,
respectively (Fig. 3). These values were not significantly
different from 0.0 (one-sample t-test; p > 0.172 for all).
The absolute differences between matching points
and the reference scan after correction for scan angle
averaged 18.9, 15.8, and 13.4 um for cpRNFL, ILM-
ONL, and TR thickness, respectively. Standard devia-
tions across subjects varied up to 38 um, but averaged
22.4,19.8, and 16.6 um for cpRNFL, ILM-ONL, and
TR thickness, respectively. Accuracy of the cpRNFL
measurements were significantly different than ILM-
ONL or TR measurements (z-test; P = 0.008 and
P < 0.001, respectively). COV was lowest for TR
thickness (5%, range 2%-9%) and highest for
cpRNFL thickness (25%, range of 12%-44%).
COV for ILM-ONL thickness was 11% (range
6%-21%). The number of scans from each subject
and ART values were not significantly correlated
with accuracy or COV for all layer segmentations
(all #* values < 0.132; P > 0.05).
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Figure 3. Accuracy of the analysis represented by average differ-

ence in retinal layer thickness of misaligned scans from the reference
scan. The top plot shows differences for the RNFL. The middle plot
shows differences for the thickness from the ILM-ONL. The bottom
plot shows differences for total retinal thickness from ILM to Bruch’s
membrane (TR). Individual subjects are plotted along the abscissa
and the group mean on the right. Error bars are 1 standard deviation
of the difference. The dotted line is the ideal outcome of 0.0.

Figure 4 shows that variability was larger in superior
and inferior quadrants when indexed by absolute value
of accuracy. Compared to the temporal quadrant, there
were larger absolute differences in the superior, and
inferior quadrant (z-test; P < 0.0001 for all measured
layers). Furthermore, the temporal quadrant had lower
absolute differences compared to the nasal quadrant
for cpRNFL and ILM-ONL (z-test; P < 0.0001) but
not for TR (P = 0.49). Although these values were
statistically significant, standard deviations overlapped
between quadrants.
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Figure 4. Mean of absolute difference in retinal layer thickness
between match locations on misaligned scans and the correspond-
ing reference scan with respect to relative circumpapillary scan
angle. Black columns represent RNFL. Gray columns represent ILM-
ONL. White columns represent total retinal thickness from ILM to
Bruch’s membrane (TR). The plot is based on data from all subjects,
with a minimum of 600 data points for each column.

Interobserver Measurements

For comparisons of reference scans between JPK
and FMB, the ICC was 0.88 for cpRNFL, 0.94 for
ILM-ONL, and 0.97 for TR thickness (95% confidence
intervals [CI] < 0.02). To avoid intersubject sample
bias, each subject had their measurements averaged for
each retinal layer and the resulting Bland-Altman plots
(interobserver repeatability) are shown in Figures 5SA
and 5B. The results for the ILM-ONL segmentation
are not shown but were similar. The average difference
(bias) from the Bland-Altman analysis was —1.8, —4.3,
and —1.5 um for cpRNFL, ILM-ONL, and TR thick-
ness, respectively. All but five subjects had values that
fell within the 95% CI of the limits of agreement.

For interobserver comparisons of misaligned scans
of all subjects, there was a total of 7733 locations
that matched between observers FMB and JPK. The
interobserver ICC was 0.63 for cpRNFL, 0.74 for
ILM-ONL, and 0.77 for TR thickness (95% CI <
0.03). Again, to avoid intersubject sample bias, each
subject had their measurements averaged for each
retinal layer, and the resulting Bland-Altman plots are
shown in Figures 5C and 5D. For repeatability of
the misaligned scans, the bias from the Bland-Altman
analysis was —2.6, —1.7, and 0.4 um for cpRNFL,
ILM-ONL, and TR thickness, respectively. All but six
subjects had values that fell within the 95% CI of
the limits of agreement. The results from ILM-ONL
segmentation are not shown but were similar.
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Bland-Altman plots showing comparisons between two observers for scoring mean RNFL and (B) mean total retinal (TR) thick-

ness. The top row (A, B) shows comparisons between reference images. The bottom row (C, D) shows comparisons of matched locations on
misaligned images. The solid line indicates the average difference, the dashed lines indicate the 95% limits of agreement. The shaded boxes
represent the 95% Cl on bias, upper, and lower limits of agreement. All data points were matched for circular scan angle with respect to the

fovea.

Analysis of Measurement Error

A multiple regression model examined possi-
ble factors that contributed to cpRNFL thickness
variability. The results showed an adjusted multiple
R?> = 0.30 (P = 0.02). Factors with standardized beta
weights having a P value < 0.05 were (1) average
cpRNFL thickness of the reference, (2) SNR, and (3)
logMAR visual acuity (values of 0.510, —0.414, and
0.351, respectively). Individual correlations of these
three factors with a significant beta weight were low
(r* < 0.16 for all; P > 0.05) and therefore these factors
accounted for only a small fraction of the total variabil-
ity. The multiple regressions were also poor for both
ILM-ONL and TR thickness measurement variabil-
ity (adjusted multiple R> = 0.13 and 0.11, respec-
tively; both P > 0.16) and none of the beta weights
were significant. A multiple regression examined the
relationship of COV with the independent variables
age, logMAR, cup-to-disc ratio, spherical equivalent
error, ART value of the reference OCT, mean ART, and
SNR. For cpRNFL, the adjusted multiple R> was 0.47

(P = 0.001). Factors with standardized beta weights
having a P value < 0.05 were age (0.50) and SNR
(—0.45). For ILM-ONL, the adjusted multiple R”> was
0.32 (P = 0.01); again, age and SNR were the only
factors with a statistically significant standardized beta
weight. For TR, the adjusted multiple R> was 0.26,
which was not statistically significant (P = 0.254).
Another source of variability is the difference in
acquisition speed between the SLO image and the
corresponding OCT image (approximately 96 vs 20
milliseconds). In the presence of rapid eye movements,
there could be random position offsets or image distor-
tions between the OCT scan and the corresponding
SLO scan due to their different acquisition speeds. The
potential effect of this eye movement artifact on the
matching cpRNFL thickness is shown in Figure 6.
The matching-location and reference data are repre-
sented in the standard HEYEX cpRNFL plot format.
Note there are subsets of matching-location data that
showed an apparent lateral shift, or offset, in thickness
near the arcades (arrows). We hypothesize the appar-
ent shift between the reference and corresponding
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Figure 6. Examples of measurement errors of RNFL thickness

from matching locations on misaligned circumpapillary scans (black
points) compared to the reference scan (gray points). Data from
subject 7 are plotted in (A), whereas data from subject 29 are
plotted in (B). Arrows point to areas with large errors likely related
to motion artefact occurring between acquisition times of the OCT
with respect to the corresponding SLO image.

match-locations resulted from a rapid eye movement
that occurred during the asynchronous periods
between the OCT and SLO imaging. Specifically,
if the SLO image takes 96 milliseconds while the OCT
image takes 20 milliseconds, a rapid eye movement
that occurred in the 76-millisecond lag time will distort
the matching locations. The Spectralis instrument does
not store eye movement data, therefore we estimated
motion artifacts (image rotation, shear, horizontal and
vertical scale) from the homography transformation
matrices required to align the reference optic disc to the
misaligned SLO image. There was no significant corre-
lation between measurement variability of cpRNFL
thickness with image rotation and image shear
(r* = 0.04 and 0.06, respectively). There was no
correlation between image scaling and measurement
variability of any retinal thickness measurement
(> < 0.001 for all analyses). Similar correlations
were seen for ILM-ONL thickness and TR thickness
without statistical significance (both P > 0.05). The
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linear correlations remained poor if all raw data points
were analyzed instead of subject averages (1 < 0.04
for all analyses). Overall, the amount of variance
explained (<7%) was too low for these factors to be of
clinical importance.

Discussion

This study demonstrates a technique to measure
retinal layer thickness in children with poor fixation
and nystagmus who fail eye tracking on the Spectralis
OCT. This work is relevant for subjects in which
nystagmus and poor fixation cause decentration of the
cpRNFL scan or misalignment to a reference scan. We
assessed measurement variability of the technique, and
potential sources of error that can limit the ability of
the method to detect accurate changes in retinal layer
thickness. Factors that contributed to variability of
cpRNFL measurements were average cpRNFL thick-
ness, low SNR, and reduced visual acuity. However,
these factors accounted for only a fraction of the total
variance. Alternatively, displacement of the OCT scan
relative to its implied location on the corresponding
SLO image due to rapid eye movements can poten-
tially generate large errors in matched-location thick-
ness measurements. Such motion artifacts might be
apparent when plotting the matched-location measure-
ments on top of the reference data (e.g., Fig. 6). There-
fore our analysis still requires careful review of the data
for accuracy.

The methodology uses standard cpRNFL proto-
cols. Scans can be acquired repeatedly until the area
of the cpRNFL location is deemed adequately covered.
Given the current status of the software, the number of
acquired cpRNFL scans must be subjectively estimated
at acquisition time or must be determined after a
post-hoc review. We estimate a minimum of 20 to 30
scans would be necessary. The increased acquisition
time would add more than 30 seconds of testing time
(possibly several minutes depending on subject cooper-
ation). Nonetheless, these subjects would typically have
more imaging anyway due to their eye movements. A
significant drawback of our analysis is that it requires
much longer analysis time for manual segmentation,
and the possibility that scans will not fully cover all
360° of the cpRNFL. Therefore a practical applica-
tion of our method would improve by integration with
acquisition hardware and robust automated segmenta-
tion algorithms; both would require further develop-
ment.

Although the primary purpose of this article was to
develop a novel methodology and assess its accuracy,
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there are several relevant applications. Our methodol-
ogy could be adapted for longitudinal assessment when
cpRNFL scans are misaligned at follow-up. In this
circumstance, changes in cpRNFL thickness from a
baseline reference should still reflect localized or global
RNFL loss along portions of matching circumpapil-
lary scans. Relative changes like that shown in Figure 6
could be reviewed from the data overlaid onto a
baseline. Age-appropriate normative cpRNFL data are
currently available for sectors only'*:!* and are not
directly comparable to the plots shown in this study. We
did not compare our subjects to the pediatric norma-
tive data since many reference scans were not accurately
aligned and thus could not be used as a gold standard.
Additionally, our analysis may be useful for analyz-
ing cpRNFL data from children excluded from clini-
cal studies because of their eye movement artifacts.®’
Further studies will be required to address the appli-
cation of the methodology and determine the sensitiv-
ity/specificity to detect cpRNFL loss when the refer-
ence scan is misaligned from the optic disc center.

The contrast between the RNFL and ganglion
cell layers is typically reduced in the presence of
eye movements and optic nerve atrophy, which also
increases segmentation error. To address this issue,
we compared segmentations between cpRNFL, IPL-
ONL, and TR. Our measurements of misaligned
scans found lower variability for TR compared to
the cpRNFL thickness. This outcome was expected
as the ILM and Bruch’s membrane form boundaries
with higher contrast. Therefore when image quality
is poor, TR thickness is expected be more accurate
than cpRNFL thickness. Although the average error
of the match-location measurements was close to
zero, measurement variability could be significant
due to poor fixation and nystagmus. For compar-
ison, variability of cpRNFL thickness in control
children ranges about 2 to 12.5 pm,'>'® which is
larger than that in control adults, all with presumed
stable fixation.!”-!8 In contrast, our values of intrases-
sion COV of cpRNFL sectors are larger than that
reported in children and adults with presumed stable
gaze (0.8% to 11.7%), although larger COV can be
found in subjects with more severe glaucoma.®!6:1°
Our average interobserver test-retest differences of
cpRNFL thickness were close to the range reported by
Ghasia et al.'® (3.06 to 9.80 um) in pediatric subjects
with glaucoma/glaucoma suspect, who presumably had
stable gaze on a Spectralis OCT. Although Ghasia et
al.'® did not report a Bland-Altman analysis, our 95%
limits of agreement ranged from —21.6 to 20.7 um at
maximum, which is slightly higher than that reported
for comparisons between Cirrus and Spectralis OCT
machines for adults having glaucoma.'”
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The faster a-scan rate of swept-source OCT might
ameliorate motion artifacts in our subjects but at the
cost of reduced SNR.2° To address this, we calculated
the theoretical limit of sampling in order for an OCT
image to be completely free of eye movement artifacts.
Assuming there are approximately 280 pm per visual
degree and a single cpRNFL scan takes 20 millisec-
onds, then the eye should be moving less than 2°/second
to maintain an accurate lateral resolution of 12 um
across the entire OCT image. Figure 1 plots simulations
of cpRNFL scan movements overlaid on the fundus
based on actual eye movement recordings in a control
child and three children with latent-manifest nystag-
mus (technical details of eye movement recording are
reported by Weiss et al.’). The top of Figure 1 shows
the healthy control child maintains fixation with eye
velocities below 2°/second within in a position window
of £2° for 88% of the 15 second recording (color
intensity of the cpRNFL scan is scaled by eye veloc-
ity). There is ample time for optimal imaging or eye
tracking in the control. In contrast, the three subjects
with latent-manifest nystagmus have eye velocities
< 2 degrees/second for less than 1% of the time
during the entire eye movement recording. Using en-
face volumetric OCT imaging makes the situation more
complicated. Assuming 200,000 a-scans/second with a
volume of 768 x 768 a-scans, then acquisition time is
2.9 seconds (assuming minimum lag time for raster fly
back). Based on the duration of eye movement data in
subjects with nystagmus, the longest duration of stable
gaze (< 2°/second) is 168 milliseconds, predicting only
a small fraction of the volume area will have optimal
imaging across multiple en face volume acquisitions.
Furthermore, accurate en-face volume reconstruction
would be extremely difficult given large amplitude
fluctuations in horizontal and vertical eye position
across a duration of 2.9 seconds. Thus our analysis
indicates that eye movement artifacts will continue to
be an important source of measurement error in these
subjects even with faster a-scan speeds.

There are several important caveats in this study.
The methods provided in this study are for research
purposes and cannot replace standard clinical proce-
dures. The intent of the study is exploratory in nature.
The data are based on retrospective post-hoc data from
a relatively small group of subjects seen at a tertiary
hospital. The methodology is dependent on a refer-
ence cpRNFL scan that may not be accurately aligned
to the optic nerve, in which case the analysis is only
applicable for relative changes at follow-up. Although it
could be argued that an ideal cpRNFL scanning should
be acquired at an older age when fixation/attention
improves, it is not possible to guarantee there will be
improvement in fixation with age nor is it possible to
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be certain the cpRNFL was stable over time. The aim
of this research was to develop a strategy to objectively
monitor a child for optic nerve damage when either
visual field testing is unreliable, or it is impractical to
wait for a child’s fixation to improve.
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