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Normative Variability in Retinal Nerve Fiber Layer Thickness:
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Purpose: Retinal nerve fiber layer thickness (RNFLT), a glaucoma biomarker, has a wide
normative range affecting its sensitivity and specificity for abnormality detection. The
interindividual RNFLT peak location variability contribution to this wide normative range
has not been directly evaluated. The purpose of this study is to assess the effect of RNFLT
peak normalization (PN) on normative variability.

Methods: Circumpapillary RNFLT profiles at 1.7 mm radius from the optic nerve head
(ONH) were re-sampled from optical coherence tomography (OCT) volumes (Cirrus
HD-OCT, 200 x 200) obtained from one eye of 83 healthy individuals. Fovea-ONH
axis (FOA) was calculated from corresponding scanning laser ophthalmoscope images.
Supratemporal (ST) and infratemporal (IT) RNFLT peaks of each profile were aligned
to respective average peak locations. Normative ranges were calculated by averaging
individual profiles before and after PN (with and without FOA to horizontal image axis
(HA) alignment).

Results: RNFLT-PN resulted in an overall decrease in coefficient of variation (CoV) of the
normative range by 4.2% (P = 0.02). CoV was reduced by more than 10% in clock-hours
10 (11.9%), 8 (10.6%), 6 (10.4%) after PN, and 7 (16.3%), 10 (11.4%), and 12 (10.4%) after
PN with FOA-HA alignment. RNFLT-PN corrected for abnormality categorization because
of peak misalignment in RNFLT profiles of healthy and glaucoma suspect subjects.

Conclusions: RNFLT-PN reduces normative variability, especially in the ST and IT regions.

Translational Relevance: RNFLT-PN reduces normative variability and improves
sectoral abnormality categorization, potentially leading to better sensitivity and
specificity of RNFLT measure in glaucoma detection.

widely used technique for structural assessment of the

Introduction

Glaucoma is a slowly progressing disease that leads
to irreversible vision loss. Early detection is important
to effectively manage this disease and slow its progres-
sion. One of the important biomarkers of glaucoma
is the retinal nerve fiber layer thickness (RNFLT),
which decreases with glaucoma progression. Spectral
domain optical coherence tomography (SD-OCT), a
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retina and optic nerve head, is used to evaluate RNFLT
in glaucoma. In most individuals, RNFLT typically
peaks in the supratemporal and infratemporal regions
of the retina.! These regions also tend to show changes
in RNFLT early in the disease process compared to
other retinal regions.” There is, however, large variabil-
ity across individuals in the thickness amplitude and
location of the RNFLT peaks within the superior and
inferior regions.>>*
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Factors such as age, refractive error, axial length,
shape of RNFLT profile have all been shown to
contribute to the variability observed in RNFLT
measures even within the normal population.”’ Differ-
ences in RNFLT peak locations contribute to the
variability in the shape of the RNFLT profile across
individuals. Therefore variability in RNFLT peak
locations, across visually normal individuals, might also
contribute to the wide range and broad peaks in the
RNFLT normative data.?

The sensitivity and specificity of RNFLT for
glaucoma diagnosis could be impacted by this wide
normative range.>** Additionally, when determining
the level of RNFLT abnormality in an individual, their
circumpapillary RNFLT profile (typically assessed
at a radius of 1.7mm from the optic nerve head
(ONH) center) is compared against the normative
range obtained from the same circumpapillary radius.
Due to inter-individual differences in RNFLT peak
locations, it is possible to have misalignment(s) between
the location of the individual’s peak(s) and the norma-
tive peak location(s) leading to false-positive or false-
negative categorization of sectoral RNFLT values.

Normalizing RNFLT peak locations across individ-
uals could potentially reduce normative range variabil-
ity and improve sensitivity and specificity of RNFLT
measurements in diagnosing glaucoma. Normalization
across individuals is also important for accurate struc-
tural assessment and structure-function correlations.

However, the direct contribution of inter-individual
differences in RNFLT peak locations to norma-
tive variability has not been studied. Hood et al.,
(2010) utilized major retinal vessel arcade locations to
align RNFLT profiles across visually normal individ-
uals. Their results, however, suggest aligning RNFLT
profiles at a circumpapillary radius of 1.7mm from the
ONH center, based on the retinal vessel arcade location
does not significantly reduce normative variability of
the RNFLT measure.® Although it is assumed that
the variability in RNFLT peak locations significantly
contribute to the wide normative range for RNFLT, it
is unclear how much reduction in variability is expected
if inter-individual differences in RNFLT peak locations
are normalized. Additionally, even though there is a
close association between retinal blood vessel struc-
ture and the nerve fiber bundle, the retinal vessel infor-
mation that precisely represents the retinal nerve fiber
thickness peak locations has not been identified.

To explore the potential of lowering the popula-
tion variability of the normative RNFLT values, we
designed the following two experiments: First, we
evaluate the contribution of inter-individual variabil-
ity in RNFLT peak locations to the normative range
variability in RNFLT. Second, we sought to identify
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the retinal blood vessel feature(s) that best represents
RNFLT peak locations in the superior and inferior
regions separately.

To evaluate the contribution of RNFLT peak
variability to the normative range variability, we
normalize RNFLT peak locations across visually
normal individuals by directly utilizing individual
RNFLT peak locations in the supra- temporal and
infra-temporal quadrants. This approach circumvents
the need for other features, like the retinal blood
vessel features, and enables the direct assessment of the
contribution of mismatches in peak locations to the
normative range variability.

Although direct utilization of RNFLT peak
locations might result in the most straightforward way
of normalizing RNFLT peak locations across individ-
uals, we recognize that in patients with glaucoma such
peak information might be lacking due to the loss
of RNFL. For this reason, alternate stable features
which are not affected by the disease process need to
be identified for RNFLT normalization to expand its
applicability to glaucoma patients when needed. We
evaluate the use of retinal vessel location information
in the supra-temporal and infra-temporal regions for
this purpose. The goal of the study is to gain further
insights about the normative RNFLT variability and
potentially reduce the variability so that the clinical
sensitivity and specificity can be improved.

Subjects and Scans

Optical coherence tomography (OCT) volumes used
for this study were from a longitudinal clinical dataset
from The University of Pittsburgh that was obtained
between 2007 to 2014. Data collection when performed
was conducted in accordance with the tenets of the
Declaration of Helsinki and the Health Insurance
Portability and Accountability Act (HIPPA). The Insti-
tutional Review Board of the University of Pitts-
burgh approved the study, and all subjects gave written
consent before participation.

Data from subjects with a visual field mean devia-
tion (MD) of —2 dB or better and no ocular patholo-
gies were used for analysis. OCT scans that were used
for analysis had a signal strength of 6 or greater and a
corresponding good quality scanning laser ophthalmo-
scope (SLO) image. 83 OCT volume scans of the ONH
region (Cirrus HD-OCT, 200x 200, Zeiss, Dublin, CA)
of the right or left eyes of 83 healthy individuals were
included. All scans were aligned to right-eye laterality.
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Data Pre-Processing

The OCT volume had dimensions of 200x
200x 1024 pixels along the x, y and z-axis, respec-
tively. For each OCT volume, an enface OCT image
was computed by averaging along the depth axis
(z-axis). The ONH margin was segmented from the
enface image using the ImageJ software,” and the ONH
center was obtained from the ONH mask. Centers of
all images were aligned to the image center with the x
and y coordinates set to 100, using horizontal and/or
vertical translations.

From each volume scan, a 2D RNFLT map was
obtained by segmenting the RNFL layer using a
custom software.!” A circumpapillary RNFLT profile
was then re-sampled from this 2D map at 0.5-degree
intervals along a circle with a 1.7 mm radius centered
on the ONH. This profile was represented in the TSNIT
(temporal, superior, nasal, inferior and temporal)
format with 0 degrees corresponding to the 9 o’clock
hour (Fig. 1a). As the thickness is measured and
represented along circumpapillary angular locations
around the ONH center, the RNFLT profile is naturally
represented in the polar domain. RNFLT peaks were
identified on this circumpapillary profile, separately for
the superior and inferior retinal regions. The supra-
temporal and infra-temporal peaks were defined as the
thickest location within 0-110° and 250-360°, respec-
tively. Additionally, the supra-temporal and infra-
temporal RNFLT peak locations were also measured at
radii of 1.3 mm, 1.5 mm, 1.9 mm and 2.1 mm around
the ONH center to evaluate the effect of scan circle
diameter on the RNFLT peak locations.

The superior and inferior retinal regions were
defined based on two criteria: the horizontal image
axis and the fovea to ONH axis (FOA) (Fig. 1a). To
determine the FOA, we utilized corresponding SLO
images that were obtained concurrently with the OCT
volume scans by the native device operating system.
The fovea and ONH centers were manually marked on
these SLO images, and the angle made by the FOA
with the horizontal image axis was calculated. For each
image, a rotational correction for this angle was used
to align the FOA to the horizontal image axis. The
supra-temporal and infra-temporal peak locations were
identified for both conditions, with and without align-
ment of the FOA with the horizontal image axis.

RNFLT Normative Range and Peak
Normalization

The mean peak location across all subjects was
calculated separately for the supra-temporal and infra-
temporal peaks obtained from the raw RNFLT profiles.
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The mean and standard deviation of these RNFLT
profiles were also calculated to determine the circum-
papillary normative range of the RNFLT. We defined
the RNFLT values within the 95% confidence inter-
val (CI) as being normal, between 95% and 99% CI as
being borderline and below 99% CI as being abnormal.

RNFLT peak normalization was performed in
the polar domain by considering the superior and
inferior regions, defined by the horizontal image axis,
separately. To normalize the peak locations across
individuals, the supra-temporal and infra-temporal
peak locations from each individual’s RNFLT profile
were aligned with the respective supra-temporal and
infra-temporal mean peak locations across all subjects.
This alignment was done by interpolating the portion
of the individual’s RNFLT profile before and after
the peak location, such that the individual’s peak
location is shifted to match the mean peak location.
Depending on whether the individual’s peak location
is more nasal or temporal in the superior or inferior
regions, the RNFLT profile is either compressed or
expanded to match the mean peak location. For
example, in Figure 1b consider the individual’s RNFLT
profile (blue line) in the superior region (0° to 180°),
the individual’s supra-temporal peak (solid black verti-
cal line) is located more nasally compared to the
mean peak location (dashed vertical black line) in
the mean RNFLT profile (green dashed trace). To
align these two peak locations, the portion of the
individual’s RNFLT profile before the peak location
(0° to individual’s supra-temporal peak location) was
compressed, and the portion after the peak location
(individual’s supra-temporal peak location to 180°) was
expanded to shift the individual’s RNFLT peak tempo-
rally. Similarly, the individual’s infra-temporal peak was
aligned to the mean infra-temporal peak location by
compressing the individual’s RNFLT profile between
180°and individual’s infra-temporal peak location,
and by expanding the individual’s RNFLT profile
between individual’s infra-temporal peak location
and 360°.

After normalizing individual peaks to the respec-
tive mean locations, we calculated the normative range
again by finding the mean and standard deviation of
the RNFLT profiles. The above peak normalization
and normative range determination was also repeated
after alignment of the FOA to the horizontal image
axis.

To determine if RNFLT peak normalization across
healthy individuals impacted the normative range
variability, we compared coefficient of variation
obtained from all clock hour sectors before and after
peak normalization, without and with the alignment
of FOA to horizontal image axis.
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Figure 1.

(@) Schematic of ONH and surrounding regions (ST, IT, supra-nasal [SN] and infra-nasal [IN]). Hemifields were defined by start and

end of the HA and the FOA; (b) Alignment of individual RNFLT peak locations (RNFLTP) (solid vertical black lines) in the superior (S) and inferior
(I) hemispheres (separated by the dotted black line) to the respective mean peak locations (dashed vertical black lines). Segments (solid lines
with arrows) of the individual RNFLT profile (solid blue) were interpolated to match the mean RNFLT profile (dashed green) segments.

Each clock hour was represented by a 30° sector,
and the mean and standard deviation of RNFLT for
each of the clock hour sectors across all scans were
calculated. The overall coefficient of variation across
all clock hours taken together was compared before and
after normalization using the Wilcoxon signed rank test
for paired samples.

In addition, the clock hour categorization of
individual RNFLT profiles as compared to the norma-
tive range (calculated without any peak normalization)
was evaluated. RNFLT values within the 95% CI was
considered normal, between 95% and 99% CI were
considered borderline and below 99% CI was consid-
ered abnormal. The number of individual profiles of

visually normal subjects with at least one clock hour
that changed from being abnormal to normal or vice
versa following RNFLT peak normalization was calcu-
lated. Additionally, a similar analysis of sectoral abnor-
mality categorization was also performed on RNFLT
profiles of six patients with a glaucoma suspect diagno-
sis to demonstrate clinical utility of our method.

Retinal Vessel Parameters and Its Association
With RNFLT Peak Locations

To obtain retinal vessel related parameters, first we
segmented retinal vessels from the enface OCT images
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using deep learning. A UNet architecture!! was used
with four encoder and four decoder blocks, equipped
with skip connections. Each convolution block (filters:
64,128,256 and 512) was made up of two convo-
Iution layers, each followed by a batch normaliza-
tion layer and ReLU activation function. The network
was trained on a publicly available retinal fundus
image dataset with corresponding annotated retinal
vessel masks (CHASE-DBI: retinal vessel reference
dataset, 2012, Kingston University Research, Data
Repository). These images were converted to grayscale
and cropped to match the dimensions of the OCT
enface image. During training, we augmented the data
using horizontal flips, vertical flips, grid and optical
distortions. Augmented data was split at the patient
level into training (about 70%) and test sets (about
30%) and performance was evaluated using dice-
coeflicient. Major retinal vessels on OCT enface images
were segmented using this network. Segmented vessels
were post-processed using morphological operations to
retain thick retinal vessels (defined as greater than 4
pixels) which were then skeletonized. The skeletonized
vessel segmentation mask was then represented in the
polar domain [polarTransform 2.0 package], with the
ONH center as origin and in the TSNIT format that
corresponds to the RNFL profile. From this polar
representation, the mean angular vessel location at
1.7 mm radius was calculated separately for the supra-
temporal and infra-temporal regions.

We also measured the major retinal vessel arcade
location for comparison. The location of the major
blood vessel arcade, determined based on the most
prominent vessel location, within the supra-temporal
and infra-temporal regions was manually marked at
the 1.7 mm radius around the ONH from the SLO
image. Mean major retinal vessel location and location
of major retinal vessel arcades were correlated with the
corresponding RNFLT peaks and Pearson’s correla-
tion coefficients were obtained.

Table 1 describes the demographic characteristics
and relevant clinical information of visually normal
subjects whose OCT scans were included in this study.
Refractive error information was available for 68 of
the subjects. Spherical equivalent refractive error was
—1.17 D (£2.4) (mean + 1 standard deviation (SD)).
The visual field mean deviation for the subjects was
—0.35dB £ 0.94 (mean + SD). The mean (+ SD) of the
fovea to ONH angle, measured from the corresponding
SLO image across all subjects was —10.47° (4 5.44).
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Table 1. Demographics and Clinical Information of
Subjects Included for Normative Range Estimation

Subjects (n = 83)

Age (y), mean £ SD 53.43 £+ 1491
Gender
Female 55
Male 28
Race
White 66
Black 14
Asian 2
Unknown 1
Spherical equivalent refractive —1.17 £+ 2.38
error (D), mean &= SD
Visual field mean deviation —0.35 + 0.94

(dB), mean £ SD

ST peaks (n=78) IT peaks (n=78)

10.0 A 10.0 A
A 7.5 1
5.0 1 5.0 1
2:5 9 2:5
0.0 - 0.0 -
50 75 275 300
Angle (deg) Angle (deg)
Figure 2. Distribution of ST and IT RNFLT peak angles at 1.7 mm

radius from the ONH center.

Of the 83 scans, 78 had circumpapillary RNFL re-
sampled scans that were free from noise and artifacts.
The distribution of RNFLT peaks across subjects
in the supra-temporal and infra-temporal regions
(defined based on the image axis) and 1.7 mm radius
from the ONH center, is shown in Figure 2. The mean
(£ SD) of supra-temporal and infra-temporal peaks
was 70.5° (£ 10.38) and 281.0° (+ 12.36), respectively.
The RNFLT peaks in the supra-temporal and infra-
temporal regions were also measured at four additional
scan circle radii (1.3 mm, 1.5 mm, 1.9 mm and 2.1 mm).
The mean (£SD) of RNFLT peak locations at 1.3 mm,
1.5mm, 1.9 mm and 2.1 mm were 74.4° (£11.98), 72.3°
(£12.01), 65.9° (£11.16), 64.9° (£9.68) for the supra-
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(a) Before peak normalization

(b) After peak normalization
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Figure 3. Normative range of RNFLT (a) before peak normalization, (b) after peak normalization, and (c) after peak normalization following

rotation of the FOA to align with the horizontal image axis. X-axis is in TSNIT format (0 is CH 9). The dashed line represents mean RNFLT
profile. Green, within the 95% Cl; yellow, between 95% and 99% Cl; red, below 99% Cl.

Table 2. Mean (um), Standard Deviation, and Coefficient of Variation [CoV] (%) for RNFLT Measures Calculated
Based on Clock Hour Sectors Before and After Peak Normalizations

RNFLT After Peak
Normalization [CoV]

RNFLT After Peak
Normalization + FOA-ONH
Alignment [CoV]

Clock RNFLT Before Peak

Hour Normalization [CoV]
1 59.27 + 13.13[22.16]
2 55.14 + 14.23[25.80]
3 40.21 4+ 11.61[28.87]
4 4548 + 14.12[31.03]
5 62.89 + 13.41[21.33]
6 78.65 £+ 14.47 [18.40]
7 70.33 + 17.76 [25.26]
8 36.60 + 10.37[28.33]
9 32.90 + 7.78[23.65]

10 45,78 + 10.46 [22.84]
11 70.57 £ 14.10[19.99]
12 62.66 £+ 14.71[23.47]

59.13 &+ 13.17[22.28]
54.07 + 14.46 [26.74]
40.80 £ 11.88[29.12]
46.26 £ 13.87[29.97]
61.40 £ 13.01[21.29]
80.14 £ 13.21[16.49]
70.77 £ 17.27 [24.20]
36.12 + 9.15[25.32]

3291 £ 7.72[23.44]

4542 + 9.13[20.10]

72.85 £ 13.51[18.54]
62.29 £+ 13.24[21.26]

57.42 + 12.81[22.31
58.84 + 13.67[23.23
43.98 £ 13.43[30.54
42.01 £ 12.43[29.57
58.86 + 13.00[22.08
78.74 + 13.63[17.31
74.73 + 15.81[21.16
41.62 £ 11.47[27.57
30.50 £ 6.7 [21.96]

42.59 + 8.62[20.24]
71.14 £ 14.6[20.52]
64.12 4+ 13.48[21.03]

]
]
]
]
]
]
]
]

temporal region and 275.4° (£15.77), 279.7° (£14.55),
288.2°(£11.09), 289.0° (£11.19) for the infra-temporal
region. Based on a repeated measures ANOVA analy-
sis, the RNFLT peak locations were significantly differ-
ent for the different scan circle radii in the supra-
temporal (p < 0.001) and the infra-temporal regions
(p < 0.001).

Results of RNFLT Peak Normalization

Figure 3a shows the normative range for RNFLT
profiles before normalizing the supra-temporal and
infra-temporal peaks across individuals. Figure 3b
shows the RNFLT profile mean after normalizing
individual RNFLT profile peaks in the supra-temporal
and infra-temporal regions to the corresponding mean
peak locations calculated across all subjects. Figure 3c

represents the normative range calculated after peak
normalization performed subsequent to rotating the
image, to align the FOA to the horizontal image axis.
In Figures 3a, 3b and 3c the mean RNFLT measure-
ments along the TSNIT angular locations are repre-
sented as the dotted line and regions within the 95%
Cl is represented by green, between 95% and 99% Cl is
represented by yellow and below 99% CI is represented
by red.

RNFLT was also analyzed by clock hour (CH)
regions, RNFLT mean, standard deviation and coeffi-
cient of variation for each clock hour was calculated
before normalization, after normalization and normal-
ization after FOA alignment (Table 2). There was an
overall reduction of 4.2 % in coefficient of variation
after peak normalization compared to before normal-
ization (p = 0.02, Wilcoxon-signed rank test) and 4.3%
after peak normalization following FOA-horizontal



translational vision science & technology

RNFLT Peak Locations and Normative Variability

(@)

120

=i
o
o

RNFL thickness (um)

0 50 100 150 200
Angle (deg)
(c)
120
= 100
=
=
@ 80
O]
c
. e
L 60
£
o
- 40
o
20
0
0 50 100 150 200
Angle (deg)

Figure 4.

TVST | May 2025 | Vol. 14 | No.5 | Article 13 | 7

(b)

==+ Mean RNFLT
—— Before RNFLT PN

= AEIRNARR Before RNFLT PN
43.8_aad8:554 6
354 66.5

27.3 453

26.5 58.0
8.5

39.96

After RNFLT PN

250 300 350

(d)

==+ Mean RNFLT
—— Before RNFLT PN

—— After RNFLT PN
Before RNFLT PN

After RNFLT PN

51.7

64.0 2 61.2

33.4 51.4
211 36.3

35.2
5.4

250

300 350

(@) and (b) RNFLT profiles of visually normal subjects before (blue) and after (magenta) peak normalization relative to normative

range and their corresponding clock hour (CH) plots. Numbers adjacent to the sectors represent RNFLT (in um) for that sector.

image axis alignment compared to before normaliza-
tion (p = 0.042). There was no significant difference
when comparing coefficient of variation after peak
normalization and after peak normalization follow-
ing FOA-horizontal image axis alignment (p = 0.96).
RNFLT peak normalization led to greater reduction
in variability around the peak locations in both supra-
temporal and infra-temporal region. Coefficient of
variation was reduced by about 9 to 10% or more
in CHs 6 (10.38%), 8 (10.62%), 10 (11.99%) and
12 (9.42%) after peak normalization. Similar reduc-
tion was observed in CHs 7 (16.23%), 10 (11.38%),

12 (10.39%) and 2 (9.96%) after peak normalization
following FOA to horizontal image axis alignment.

In our dataset of normal eyes, six of the 78 scans had
at least one clock hour with RNFLT values that was
identified as being borderline, totally eight sectors had
borderline values. Following peak normalization, the
clock hour defects were no longer present in four of the
eight sectors in four of the six scans. Figure 4 shows the
RNFLT profile of two subjects, with supra-temporal
and infra-temporal peaks misaligned with respective
mean peak locations. Applying our peak normaliza-
tion method improves alignment of RNFLT peaks and
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their corresponding clock hour plots.

therefore, in scans with abnormality mis-categorization
due to peak misalignment, improves relative categoriza-
tion of clock hour defects.

To demonstrate the clinical utility of the RNFLT
peak normalization approach, we applied the method
to six glaucoma suspect cases (average visual field mean
deviation of —2.43 dB (£1.8)). Figure 5a—f shows
the RNFLT profiles before (blue) and after (magenta)
peak normalization relative to the normative range, and
their corresponding clock hour plots. As shown in the
figure, our method corrects for all sectoral misclassi-
fications that result from misaligned peaks (Fig. 5a—
). But the method does not change the categoriza-

RNFL thickness
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(a-f) RNFLT profiles of glaucoma suspects before (blue) and after (magenta) peak normalization relative to normative range and

tion when there is no peak misalignment as seen in
the inferior region of Figure 5f, where the borderline
RNFLT abnormality remains after peak normaliza-
tion, but the mis-categorization in the superior region is
corrected.

Association of Blood Vessel Location
Parameters and RNFLT Peaks

Pearson’s correlation coefficient between the supra-
temporal and infra-temporal RNFLT peak locations
and the corresponding blood vessel mean locations
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Figure 6. Correlations between RNFLT peak locations and blood vessel parameters: mean blood vessel location (top), major blood vessel

arcade location (bottom).

were —0.52 (p < 0.001) and —0.62 (p < 0.001), respec-
tively. The correlation coefficient for the two RNFLT
peak locations and the corresponding superior and
inferior major retinal vessel arcade locations were
—0.13 (p = 0.25) and 0.004 (p = 0.96) for the
supra-temporal and infra-temporal regions, respec-
tively (Fig. 6). Correlations between the FOA and
the supra-temporal and infra-temporal RNFLT peak
locations were 0.34 (p = 0.002) and 0.14 (p = 0.2),
respectively. Aligning FOA to the image axis did not
improve correlations between RNFLT peak locations
and blood vessel location measures.

Discussion

In this study we evaluated the contribution of
RNFLT peak locations to the normative range variabil-

ity of RNFLT measures from visually normal individ-
uals. Normalizing the location of RNFLT peaks
separately for the superior and inferior regions, across
individuals, resulted in statistically significant reduc-
tion in normative range variability. Greater than 10%
reduction in coefficient of variation was observed for
clock hours 6,8 and 10 after peak normalization and
in clock hours 7, 10 and 12 after peak normaliza-
tion following FOA alignment. Our peak normaliza-
tion approach has, for the first time, shown a reduc-
tion in normative range of RNFLT, albeit localized.
Changes within these quadrants are particularly criti-
cal for glaucoma diagnosis, as early changes in RNFLT
are often observed within these regions.*

The localized reduction in normative range limits,
could be due to the selection of just two locations
for normalization. As can be observed in the individ-
ual RNFL profiles, shape variability of the RNFLT
profiles is not limited to the major peak locations. Some
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individuals have multiple peaks in the supra-temporal
region with varying amplitudes, and additional peak
locations in the supra-nasal and infra-nasal regions.
However, the presence of supra-nasal and infra-nasal
peaks is not consistent across individuals and therefore
was not considered for normalization in this study. It
is possible that a similar normalization approach when
considering multiple peak locations might result in
further reduction in normative range variability around
the regions considered.

Different FOA angles might also add to the variabil-
ity observed in RNFLT profiles across individuals.
Aligning the FOA with the horizontal image axis,
should account for the variability in RNFL peak
location due to differences in FOA, which defines
the anatomical separation between the superior and
inferior retinal regions. Our results for the range of
FOA angle observed are similar to those reported
previously.'? By rotating the images based on the FOA
angle, we normalize its contribution prior to evaluat-
ing the additional variability due to RNFLT distribu-
tion across the retina. By performing this alignment,
a further reduction in RNFLT coefficient of variation
was observed in clock hours 2, 7 and 9. However, there
was no significant correlation between FOA angle and
RNFLT peak locations, and correcting for the FOA did
not improve correlations between retinal vessel mean
location and RNFLT peak locations.

It is possible that the variability in axial length
across subjects leading to different scan circle locations
around the ONH, resulting from magnification, could
also contribute to the normative variability after peak
alignment.'>!'* In this study, axial length information
was not available for all patients, therefore the magni-
fication of scan circle related to the axial length was
not taken into account. Previous work by Cheol YY
(2011) showed that there was a moderate correla-
tion between axial length and the location of RNFLT
peaks.”> Our assessment of scan circle radius on
RNFLT peak location also showed that the scan circle
radii had a significant effect on the RNFLT peak
locations. However, the expected effect of magnifica-
tion due to the axial length variability is relatively
small because circular resampling with 1.7mm radius
is going through approximately the center location of
the RNFLT plateau area.'® Finally, our entry criteria
also limited the refractive errors of the subjects in our
study, minimizing the variability and therefore impact
of axial length on our results. Although lack of axial
length information is not ideal, practically it does not
introduce significant limitations for our study.

Contribution of other factors such as age, gender,
refractive error and, retinal blood vessels related infor-
mation, on RNFLT variability have been previously
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evaluated, but were not considered in this study.'’ 2! It

is possible that considering these factors in addition to
peak location could further reduce normative variabil-
ity limits.

Previous report that aligned temporal vessel arcade
locations by shifting them, did not show any effects on
the RNFLT normative range. Hood et al.® used tempo-
ral vessel arcade location (which they defined as the
mean location between the major temporal vein and the
artery) of individuals along the 3.4 mm diameter circle
to normalize RNFLT profiles across these individ-
uals. They reported a correlation of (.72 between
the superior temporal vessel arcade location and the
superior temporal RNFLT profile edge, and a corre-
lation of 0.34 for the inferior temporal vessel arcade
location and the inferior temporal RNFLT profile
edge. However, they concluded that aligning tempo-
ral vessel arcade locations did not significantly reduce
RNFLT normative variability. Another study showed
an overall reduction of about 4% to 10% in coefficient
of variation of RNFLT profile, in healthy individu-
als from different races, after compensating for vessel
density along with other demographic factors such as
race and age.”” In our study we show that directly
aligning the RNFLT peaks (measured from RNFLT
profile), leads to an overall reduction in coefficient
of variation of about 4% when considering all clock
hour sectors. And, a greater reduction in coefficient
of variation was obtained around the supra-temporal
and infra-temporal peak locations. Peak normaliza-
tion resulted in a maximum of about 12% reduction
in coefficient of variation for the 10 o’clock sector
and peak normalization after accounting for the FOA
resulted in a maximum reduction of about 16% along
the 7 o’clock sector. We also showed that there is
a stronger correlation between mean retinal vessel
location in the supratemporal and infratemporal region
and the respective RNFLT peak locations, compared
to the major temporal vessel arcade location in our
study. Variability in the temporal arcade location across
individuals, the method used to determine the vessel
location information, variability in determining the
ONH center and the scatter in the correlation between
vessel locations and RNFLT peaks could all contribute
to the discrepancies between our findings and previous
results.

We recognize that our approach relies on detect-
ing RNFLT peak locations for peak normalization. In
patients with glaucoma, the RNFLT peak locations
may be difficult to detect or absent due to the loss of
the RNFL. Although peak alignment with the norma-
tive range might not be critical for long term follow
up of glaucoma patients, initial assessment of sever-
ity of RNFLT reduction could still be affected by peak
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misalignments and could be particularly important in
patients who are closer to the lower amplitude limit of
the normative range.

In this study we evaluated the association of retinal
vessels mean location with RNFLT peak locations to
explore its utility as a surrogate for RNFLT peak
location for normalization. We show that there is
a reasonable correlation between mean retinal vessel
location and RNFLT peak locations in both the supra-
temporal and infra-temporal regions. However, it is
possible that even though there is a reasonable correla-
tion, this single vessel related parameter might be insuf-
ficient to obtain accurate estimates of the RNFLT peak
locations. Therefore further investigation is required
to determine whether the retinal blood vessel-based
features, or other disease invariant OCT features, could
be beneficial in accurately predicting RNFLT peak
locations for peak alignment, even in the presence of
glaucomatous changes.

Another strength of our method is its ability to
reduce false-positive errors caused by peak misalign-
ment between individual RNFLT profiles and the
normative data. In our sample cohort of normal
subjects, the proportion of individuals with large devia-
tions from mean RNFL peak locations was low. There-
fore, to demonstrate our method’s potential clinical
application, we applied peak normalization to six
subjects with a glaucoma suspects diagnosis. These
subjects had near normal visual field mean deviations
and showed abnormalities in sectoral RNFLT in the
clock hour plots prior to peak normalization. The
presence of sectoral misclassification at first presen-
tation might influence clinical decision making, there-
fore applying peak normalization to improve accuracy
of sectoral abnormality classification could be clini-
cally useful in patients with a glaucoma suspect diagno-
sis. For the six glaucoma suspect cases presented,
peak normalization corrects all sectoral misclassifica-
tions arising from peak misalignment. These results
point to the potential clinical application of our
approach in improving accuracy of sectoral classifica-
tion at first presentation, especially in patients with a
glaucoma suspect diagnosis. A potential way to adopt
our approach in the clinical setting would be to incor-
porate peak normalization in the OCT device output,
so that the clinician is provided with peak normal-
ized RNFLT profiles and their corresponding sectoral
abnormality categorization.

Our method of peak normalization will also be
beneficial in populations with greater number of
temporally or nasally displaced peaks, like in myopic
eyes.'> Additionally, the RNFLT profiles closer to the
lower bound of the normative range are more prone to
sectoral misclassifications due to peak misalignments
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with the normative range. Our approach effectively
aligns the peaks of the individual RNFLT profiles to
the normative mean, even in the absence of refrac-
tive error or axial length information, which could be
beneficial in reducing false positives in myopic patients.
This approach could also be useful in demograph-
ics with significantly different distributions of supra-
temporal and infra-temporal peak locations compared
to the normative range that they are compared to for
diagnostic purposes, especially when normative data
with a similar demographic is unavailable or hard to
obtain.

Conclusions

RNFLT peak normalization has region specific
effects on reducing variability in the normative range,
with greater reduction in the superior-temporal and
inferior- temporal regions. Our approach reduces false-
positive errors that arise due to peak misalignments
between individual RNFL profiles and the normative
data range.

Acknowledgments

Supported by NIH ROIEY030929, RO1IEY013178
and P30 EYO010572 core grant, the Malcolm M.
Marquis, MD Endowed Fund for Innovation, and an
unrestricted grant from Research to Prevent Blindness
(New York, NY) to Casey Eye Institute, OHSU. The
sponsor or funding agency had no role in the design or
conduct of this research.

This research was presented at Association for
Research in Vision and Ophthalmology, 2024 meeting.

Disclosure: S. Gowrisankaran, None; A. Abbasi,
None; X. Song, None; J.S. Schuman, AEYE Inc. (I, C),
CarlZeiss Meditec (I, C, P), Ocugenix (I, C, P), Ocular
Therapeutix (I, C), Opticient (I, C), Alcon Laborato-
ries, Inc. (C), Boehringer Ingelheim (C), Perfuse Inc.
(C), Regeneron Pharmaceuticals, Inc. (C); G. Wollstein,
None; B.J. Antony, None; H. Ishikawa, None

References

1. Gabriele ML, Ishikawa H, Wollstein G, et al. Peri-
papillary nerve fiber layer thickness profile deter-
mined with high speed, ultrahigh resolution opti-
cal coherence tomography high-density scanning.
Invest Ophthalmol Vis Sci. 2007;48:3154-3160.



translational vision science & technology

RNFLT Peak Locations and Normative Variability

2.

—_
o

[u—
—

P
N

Hood DC, Wang DL, Raza AS, Gustavo de
Moraes C, Liebmann JM, Ritch R. The locations
of circumpapillary glaucomatous defects seen on
frequency-domain OCT scans. Invest Ophthalmol
Vis Sci. 2013;54:7338-7343.

Hong SW, Ahn MD, Kang SH, Im SK. Analysis
of peripapillary retinal nerve fiber distribution in
normal young adults. Invest Ophthalmol Vis Sci.
2010;51:3515-3523.

Hood DC. Improving our understanding, and
detection, of glaucomatous damage: an approach
based upon optical coherence tomography (OCT).
Prog Retin Eye Res. 2017;57:46-75.

Alasil T, Wang K, Keane PA., et al. Analysis of
normal retinal nerve fiber layer thickness by age,
sex, and race using spectral domain optical coher-
ence tomography. J Glaucoma. 2013;22:532-541.

. Knight OJ, Girkin CA, Budenz DL, et al. Effect

of race, age, and axial length on optic nerve head
parameters and retinal nerve fiber layer thickness
measured by Cirrus HD-OCT. Arch Ophthalmol.
2012;130:312-318.

Yamashita T, Asaoka R, Tanaka M, et al. Rela-
tionship between position of peak retinal nerve
fiber layer thickness and retinal arteries on sectoral
retinal nerve fiber layer thickness. Invest Ophthal-
mol Vis Sci. 2013;54:5481-5488.

Hood DC, Salant JA, Arthur SN, Ritch R, Lieb-
mann JM. The location of the inferior and superior
temporal blood vessels and interindividual vari-
ability of the retinal nerve fiber layer thickness.
J Glaucoma. 2010;19:158-166.

Schneider C, Rasband W, Eliceiri K. NIH Image to
Imagel: 25 years of image analysis. Nat Methods.
2012;9:671-675.

. Ishikawa H, Stein DM, Wollstein G, et al. Macular

segmentation with optical coherence tomography.
Invest Ophthalmol Vis Sci. 2005;46:2012-2017.

. Ronneberger O, Fischer P, Brox T. U-Net: Con-

volutional networks for biomedical image segmen-
tation. Navab N, Hornegger J, Wells W, Frangi
A, eds. Medical image computing and computer-
assisted intervention — MICCAI 2015. Lecture
Notes in Computer Science (vol 9351). Berlin:
Springer, 2015:234-241.

Chauhan BC, Danthurebandara VM, Sharpe GP,
et al. Bruch’s membrane opening minimum rim
width and retinal nerve fiber layer thickness in

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

TVST | May 2025 | Vol. 14 | No.5 | Article 13 | 12

a normal white population. A multicenter study.
Ophthalmology. 2015;122:1786-1794.

Savini G, Barboni P, Parisi V, Carbonelli M.
The influence of axial length on retinal nerve
fibre layer thickness and optic-disc size measure-
ments by spectral-domain OCT. Br J Ophthalmol.
2012:96:57-61.

Oner V, Ozgir G, Tirkyilmaz K, Sekeryapan B,
Durmus M. Effect of axial length on retinal nerve
fiber layer thickness in children. Eur J Ophthalmol.
2014;24:265-272.

Yoo YC, Lee CM, Park JH. Changes in peripap-
illary retinal nerve fiber layer distribution by axial
length. Optom Vis Sci. 2012;89:4-11.

Gabriele ML, Ishikawa H, Wollstein G, et al. Opti-
cal coherence tomography scan circle location and
mean retinal nerve fiber layer measurement vari-
ability. Invest Ophthalmol Vis Sci. 2008;49:2315-
2321.

Budenz DL, Anderson DR, Varma R, et al. Deter-
minants of normal retinal nerve fiber layer thick-
ness measured by stratus OCT. Ophthalmology.
2007;114:1046-1052.

Yamashita T, Sakamoto T, Yoshihara N, et al.
Correlations between retinal nerve fiber layer
thickness and axial length, peripapillary retinal tilt,
optic disc size, and retinal artery position in healthy
eyes. J Glaucoma. 2017;26:34-40.

Wagner FM, Hoffmann EM, Nickels S, et al. Peri-
papillary retinal nerve fiber layer profile in relation
to refractive error and axial length: Results from
the Gutenberg health study. Trans! Vis Sci Technol.
2020:;9(9):35.

Qiu K, Schiefer J, Nevalainen J, Schiefer U, Jan-
sonius NM. Influence of the retinal blood vessel
topography on the variability of the retinal nerve
fiber bundle trajectories in the human retina. Invest
Ophthalmol Vis Sci. 2015;56:6320-6325.

Arnould L, Guillemin M, Seydou A, et al.
(2020) Association between the retinal vascu-
lar network and retinal nerve fiber layer in
the elderly: The Montrachet study. PLoS One.
2020;15(10):e0241055.

Chua J, Schwarzhans F, Nguyen DQ, et al. Com-
pensation of retinal nerve fibre layer thickness
as assessed using optical coherence tomography
based on anatomical confounders. Br J Ophthal-
mol. 2020;104:282-290.



