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Purpose: The onset and progression of optic neuropathies like glaucoma often occurs
asymmetrically between the two eyes of a patient. Interocular circumpapillary retinal
nerve fiber layer thickness (cpRNFLT) differences could detect disease earlier. To apply
such differences diagnostically, detailed location specific norms are necessary.

Methods: Spectral-domain optical coherence tomography cpRNFLT circle scans from
the population-based Leipzig Research Centre for Civilization Diseases–Adult study
were selected. At each of the 768 radial scanning locations, normative interocular
cpRNFLT difference distributions were calculated based on age and interocular radius
difference.

Results: A total of 8966 cpRNFLT scans of healthy eyes (4483 patients; 55% female; age
range, 20–79 years) were selected. Global cpRNFLT average was 1.53 μm thicker in right
eyes (P< 2.2× 10–16). On 96% of the 768 locations, left minus right eye differences were
significant (P < 0.05), varying between +11.6 μm (superonasal location) and −11.8 μm
(nasal location). Increased age and difference in interocular scanning radii were associ-
ated with an increased mean and variance of interocular cpRNFLT difference at most
retinal locations, apart from the area temporal to the inferior RNFbundlewhere cpRNFLT
becomes more similar between eyes with age.

Conclusions: We provide pointwise normative distributions of interocular cpRNFLT
differences at an unprecedentedly high spatial resolution of 768 A-scans and reveal
considerable location specific asymmetries as well as their associations with age and
scanning radius differences between eyes.

TranslationalRelevance: To facilitate clinical application,we implement these age- and
radius-specific norms across all 768 locations in an open-source software to generate
patient-specific normative color plots.

Introduction

Retinal nerve fiber layer thickness (RNFLT) is an
important adjunct to diagnosing optic neuropathies
like glaucoma. Glaucoma is characterized by apopto-
sis of retinal ganglion cells and their axons, which

leads to an increase in the size of the optic nerve
cup, and consequent vision loss.1 The ability to
detect changes in RNFL early in the course of
glaucoma will lead to early diagnosis and treatment
of the disease, which can improve the prognosis.
Optical coherence tomography (OCT) is an established
high-resolution imaging technology that objectively
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measures RNFLT.2,3 Common clinical ophthalmic
OCT devices compare RNFLT with an age-matched
normative database incorporated into the software for
diagnostic purposes. Typical clinical RNFLT measure-
ment protocols implemented in OCT devices measure
thicknesses on a single circle with a diameter of
about 3.5 mm around the optic nerve head (ONH).4
OCT devices provide printouts of RNFLT along the
entire measurement circle together with percentiles
of population norms. Thinning of the RNFL may
occur at small areas on the measurement circle, which
may be missed by summary measures such as coarse
circle sectors. Therefore, owing to individual ocular
anatomic variability, the onset of RNFL thinning may
not fall outside normative limits if a patient’s individual
RNFLT geometry differs from normative expectations
within each single eye.5–7

RNFLT is known to be associated with age and
ocularmagnification,7 race,8 and sex.9 Apart from that,
it is commonly assumed that the RNFL geometries
between the right and the left eye of healthy individuals
are highly correlated. Because the onset of pathologic
RNFL thinning is highly location specific, an interocu-
lar comparison of RNFLTmay reveal further diagnos-
tically relevant information in addition to the common
practice of comparing either eye in isolation to popula-
tion based norms. For instance, it has been shown that
interocular RNFL asymmetry is a useful clinical and
quantitative OCT measurement to assess early glauco-
matous damage,10 and can be even helpful in differen-
tiating subtypes of glaucoma.11 For instance, we have
previously shown that the subtype of pseudoexfolia-
tion glaucoma presents asymmetrically for most cases
in clinic at the time of its diagnosis.11

Interocular asymmetry may even help to interpret
questionable RNFLT abnormality marks owing to
individual eye anatomy deviating from the norm, as
illustrated by an example in Figure 1 (see Supplemen-
tary Fig. S1 for fundus photographs of this patient).
On the RNFLT measurements of either eye of this
patient, the same sectors are marked as abnormally
thin by the machine. However, the RNFLT profiles
of the two eyes look similar. In particular, in both
eyes of this individual, the superotemporal RNFLT
maxima are shifted in a temporal direction compared
with the machine norms. Although each eye individu-
ally deviates anatomically from the norm and is there-
fore flagged by the OCT software, the RNFLT differ-
ence between the eyes may still be within normal limits.
To determine this, as well as to address the other
points population statistics of interocular RNFLT
differences along the entire measurement circle are
needed. Although eyes are paired organs, numerous
anatomic asymmetries have been described, even in

Figure 1. Illustrative printouts of the Spectralis RNFLT measure-
ments of the left eye (OS) (top) and right eye (OD) (bottom) of a 28-
year-old female (scanning radius difference between left and right
eye: −19.8 μm) without glaucoma diagnosis, not taking interoc-
ular pressure reducing medication, and without any signs of an
optic neuropathy on the fundus photographs, which are shown
in Supplementary Figure S1. The individual major superotemporal
RNFLT bundles of both eyes of the patient (blue arrows) are shifted
in temporal direction compared with the population norm (dark
green line). In each eye, nasal (NAS)–temporal (TMP) and superotem-
poral sectors are marked as outside normal limits by the machine,
highlighted by blue rectangles in the figure. The RNFLT of each eye
is marked as abnormal by the machine, and the individual RNFLT
profiles of the two eyes (black lines) as well as the respective specific
locationsmarked as abnormal look similar, which suggests a specific
individual eye anatomy rather than an optic neuropathy as the
reason for the abnormality marks. INF, inferior.

ophthalmically healthy patients.12 Interocular RNFLT
differences were studied on multiple occasions by time-
domain and spectral-domain OCT over the past one
and one-half decades.1,13–16 Consistently, these works
reported significantly greater RNFLT values for right
eyes.With respect to specific circumpapillary locations,
previous works analyzed up to 12 RNFLT sectors.
Although these works offer fundamental insight
in interocular RNFLT geometry, they do not yet
provide diagnostically applicable normative distribu-
tions over the full circumpapillaryOCT scanning circle,
that is, the measurement protocol that is frequently
applied in clinical practice to support glaucoma
diagnoses.

In the current study, we investigate the follow-
ing: (1) circumpapillary interocular RNFLT differ-
ences at a spatial resolution of 768 samples; (2)
the impact of age as well as the true radius of
the circumpapillary scanning circle, which related to
individual ocular anatomy, on interocular RNFLT
differences (as previously been shown to be strongly
associated with RNFLT7; and (3) the impact of
individual RNF bundle geometry, and the location of
major RNFLT peaks on interocular RNFLT differ-
ences. The final outcomes of this work are age-,
radius-, and location-specific normative distributions
of circumpapillary interocular RNFLT differences
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with a spatial resolution of 768 locations. To facil-
itate the application of these norms in ophthalmic
research and their incorporation into OCT devices
for future clinical use, we provide the entire distri-
butions numerically in an open access repository, at
http://dx.doi.org/10.17632/ss2nynfc8s.1, together with
an easy-to-use R function, which graphically displays
the measurement curve for RNFLT with the respective
normative limits.

The current investigation therefore presents the
first interocular comparison leading to a normative
database. Contrary to previous investigations, our
study presents percentile data, enabling the detection
of individual thickness measurements out of the norm.
In particular, this strategy makes it possible to graphi-
cally illustrate the RNFLT circle scan superimposed on
colored normative percentiles very similar to the thick-
ness color plots that are part of the standard printouts
of most clinical OCT devices, which provides clinicians
with a graphical representation they are familiar with.
Furthermore, it enables precise quantitative analyses
of subtypes of glaucoma and other optic neuropathies
with regard to their respective interocular asymmetry
compared with healthy controls, which may improve
the early detection of pathologic RNFL thinning.

Methods

Participant Population

Participants of this study are selected from the
baseline assessment of a large population-based cohort
study conducted by the Leipzig Research Centre for
Civilization Diseases (LIFE Adult Study) at Leipzig
University, fromAugust 2011 toNovember 2014. LIFE
Adult includes 10,000 randomly selected participants
from just over one-half of a million inhabitants of
Leipzig, a city located in the east of Germany. All
participants provided informed consent to participate.
The institutional ethics board of the Medical Faculty
of Leipzig University approved the study and the
research followed the Declaration of Helsinki.

The recruitment of LIFE Adult patients occurred
in an age- and gender-stratified manner, with focus on
the ages between 40 and 80 years. More specifically, in
total, 400 patients between 19 and less than 40 years of
age and 9600 patients between 40 and less than 80 years
of age were recruited. Recruitment targeted to balance
each decade within these two age groups with respect
to number of patients and gender. The six 19-year-old
patients were categorized into the 20 to 30 decade for
this purpose.

Data Collection

All participants underwent an extensive
assessment, including structured interviews,
questionnaires, physical examinations, and blood
and urine sample collections. Ophthalmologic imaging
included OCT (Spectralis, Heidelberg Engineering,
Heidelberg, Germany; Spectralis HRA + OCT,
Aquisition Module 5.4.7.0), and undilated fundus
images (Nidek AFC-230). OCT was performed to
obtain circumpapillary RNFLT (cpRNFLT) scans
with a resolution of 768 equidistant measurement
points placed on a circle around the ONH. The circle
location and its coordinate system are illustrated in
Supplementary Figure S2. More details regarding
LIFE Adult Study data can be found in our recently
published articles.7,17 For the current analysis, the
10,000 baseline participants of the LIFE Adult project
underwent the following exclusion process, as illus-
trated by the flowchart in Supplementary Figure S3.

During the early stages of the LIFE Adult study,
the Spectralis SD-OCT machine was out of service
owing to a hardware defect. Therefore, OCT imaging
could not be performed until the device was repaired.
The hardware failure also affected the database of
existing scans, so that several measurements of some
patients or single eyes were partially damaged and
could not be exported from the machine for data
analysis.

Of the remaining 17,974 eyes of 9069 partici-
pants, 2678 patients were excluded based on clinically
significant findings on ophthalmic imaging. For this,
two independent, experienced and clinically trained
observers analyzed OCT scans and fundus images. In
case of interobserver differences, a consensus decision
was reached to classify the participant’s eye. Clini-
cal and subclinical ophthalmic findings were graded
based on current ophthalmologic standards. Partici-
pants with clinical disease of the posterior eye within
macula and optic nerve regions of at least one eye were
excluded from the current study: all cases of retinal
detachment or retinal hole, retinal pigment epithe-
lium detachment, edema, bleeding, vascular abnor-
malities (such as vascular occlusion, ischemia, retinal
vascular tortuosity, aneurysm, neovascularization),
any kind of scarring, atrophy, fundus with dissem-
inated white areas, cotton wool spots, and fibrosis
if traction or puckering with foveal involvement was
observed. A patient was also excluded if a tumor
was present or a staphyloma was detected. For the
ONH specifically, patients were furthermore excluded
who presented with the following in at least one
eye: suspected glaucoma, violation of ISNT rule,
vertically oval with a cup-to-disc ratio of greater

http://dx.doi.org/10.17632/ss2nynfc8s.1
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than 0.7, optic disc pit, coloboma of the optic disc,
bleeding, neovascularization, optic atrophy, sectorial
paleness, swelling of the ONH, papilledema, and
optic disc drusen. Within the macular region in
specific the following additional exclusion applied: age-
related macular degeneration stages 3 and 4, and
maculopathy unrelated to age-related macular degen-
eration (stage 5), previously described by the Guten-
berg Health Study18 and based on the Rotterdam
classification.19,20

Furthermore, patients were excluded if they
reported a glaucoma diagnosis in the medical interview
and/or if an intraocular pressure–lowering medication
was present among all medications the patient took at
the time of the test.

Only images with reliable measurements for both
eyes were included in data analysis. Reliability criteria
included (1) image quality of 20 dB or greater, (2) an
average number of B-scans of 50 or greater, and (3)
no more than 2.5% missing or unreliable cpRNFLT
segmentations among the 768 A-scans.

Details of inclusion and exclusion and the final
sample included into the current analysis can be found
in Supplementary Figure S3.

For all data analyses, left and right eyes were repre-
sented in a normalized coordinate system which starts
at the temporal pole, proceeds to the superior, then
nasal, then inferior pole, and finally ends up at the
temporal location again, regardless of eye laterality.

Statistical Analysis

All statistical analyses were performed using R
programming language (version 3.5.2)21 and the
GAMLSS R library.22

Paired t-tests with adjustment for multiple compar-
ison by the Bonferroni method were calculated for
the RNFLT differences between left and right eyes
for global RNFLT as well as separately for each of
the 768 retinal locations on the OCT circle scan.
Furthermore, because it has previously been shown
that ocular magnification (typically parameterized by
axial length/ refractive error, corneal refractive power
or scanning focus) has an impact on RNFLT measure-
ments,6,7,23–25 we aimed to assess the true radius of the
circle scan of each eye. The Spectralis OCT machine
projects a scanning circle of a fixed radius of 6° into
the eye, which results in different circle sizes on the
retina, depending on ocular magnification. Therefore,
Spectralis OCT uses the focus settings adjusted by the
device operator to estimate the true scanning radius
on the retina according to a widely applied model.26
Radius differences between the two eyes, for instance
owing to axial length or corneal refractive power, are

likely to affect interocular RNFLT symmetry, because
RNFLT is then measured at different retinal locations
in either eye.

We tested the influences of radius difference (left
minus right eye), absolute radius difference, and age
for each of the 768 retinal locations on the circle.
More specifically, we first calculated linear models
of the mean and variance of left minus right eye
RNFLT differences with age and absolute radius differ-
ence as regressors. For each retinal location, a model
comparison based on the Akaike information crite-
rion27 determined possible impacts of age, absolute
radius difference, or their combination on mean and
variance (normal distribution). Second, because the
results indicated several nonlinear effects for specific
locations (see the Results section), we calculated a
comprehensive Akaike information criterion–based
model comparison with 12 parameters for each retinal
location, namely a third-degree polynomial of age
and a third-degree polynomial of radius difference for
mean and variance, respectively, which implied the
comparison of 212 = 4096 models at each of the
768 locations. In other words, we computationally
determined the optimal normative distributions of
interocular RNFLT differences depending on age and
interocular radius difference separately for each retinal
location. As the final outcome, we receive a single
function that returns a normative distribution depend-
ing on the following three parameters: retinal location
(in degree around the ONH), age, and interocular
radius difference. More comprehensive details on the
implementation can be found in the Supplementary
Material.

On the temporal retina, nerve fiber axons shape two
major bundles, as schematically illustrated on Supple-
mentary Figure S2. On the measurement circle, the
locations of these bundles are visible as the two areas
of thickest RNFL. As illustrated in Figure 1, individ-
ual locations of these two major RNFLT humps, that
is, the superotemporal hump (blue arrow in Fig. 1)
and the inferotemporal hump (the equivalent hump on
the inferior retina, visible as the second local RNFLT
maximum in Fig. 1) may considerably vary among
individuals, as demonstrated by the histograms in
Supplementary Figure S4, but their symmetry among
the left and right eyes has, to our best knowledge,
not been investigated before. Therefore, we additionally
studied the relative difference of the major superotem-
poral and inferotemporal RNFLT peaks between right
and left eyes. In particular, we smoothed the RNFLT
measurements of each eye by a moving average of
±12° around each location to remove the effect of
random fluctuations. Superotemporal and inferotem-
poral peaks were then determined as the local RNFLT



Interocular cpRNFLT Asymmetries TVST | August 2020 | Vol. 9 | No. 9 | Article 23 | 5

Figure 2. From top to bottom: Histograms of age, scanning radius
difference, and difference between superotemporal and inferotem-
poral RNFLT peaks between left (OS) and right eyes (OD).

maxima of superior respectively inferior retina. The
impact of age and radius differences on the peak differ-
ences was determined by linear regression.

Results

There were 8966 RNFLT scans of 8966 eyes of
4483 patients (2466 female and 2017 male) that were
selected based on our inclusion criteria. Supplemen-
tary Table S5 shows the demographic information for
our study population. Figure 2 shows, from top to

bottom, the histograms of age and scanning radius
difference, as well as the difference between superotem-
poral and inferotemporal RNFLT peaks between the
left and right eyes. The average scanning radius of right
eyes was 3.09 μm smaller compared with left eyes (t-
test, P = 2.5 × 10−12). The RNFLT average over all
768 locations was 1.53 μm thicker in right eyes
compared with left eyes (t-test, P < 2.2 × 10−16).
The interocular difference varied substantially over the
retinal locations, as illustrated in Figure 3, which shows
pointwise mean RNFLT separately for right and left
eyes (top) as well as the according pointwise mean
RNFLT differences between the eyes (bottom). On
95.6% of the locations, differences were significant
(P < 0.05, red color) after adjustment for multi-
ple comparisons over the 768 scanning locations.
The differences vary between +11.6 μm (superonasal
location) and –11.8 μm (nasal location). The figure
further illustrates the substantial location specificity of
the effects: Although for most of the nasal area, the
RNFL is significantly thicker in right eyes, for superior
and inferotemporal areas, the RNFL is thicker in left
eyes. Supplementary Figure S6 shows histogram of the
mean absolute RNFLT differences, averaged over all
768 locations.

RNFLT peak locations significantly differ between
the eyes:Whereas the superotemporal peaks of left eyes
are 1.55° more nasal than the peaks of right eyes (t-test,
P < 2.2 × 10−16), the inferotemporal peaks of right
eyes are 4.42° more nasal than those of left eyes (t-test,
P < 2.2 × 10−16). The interpeak angle (i.e., the angle
between the two peaks, as illustrated in Supplemen-
tary Fig. S2) across eyes are 2.86° larger in right eyes
(t-test, P < 2.2 × 10−16). Although the interpeak angle
difference was weakly but significantly inversely corre-
lated with the radius difference (Pearson’s r = −0.08,
P = 5.9 × 10−8), differences in radius explain only
0.65% of the variance of the differences in interpeak
angle (by analysis of variance). Linear regression
with mean interpeak angle between the two eyes
as regressor and superior/inferior peaks as depen-
dent variable yielded a significant positive associa-
tion between interpeak angle and inferior (β = 0.05,
P = 1.26 × 10−7) but not superior peak difference
(β = 0.01, P = 0.12).

Figure 4 illustrates the empirical quantiles of
interocular RNFLT differences for each of the 768
retinal locations around the measurement circle,
regardless of age and scanning radius difference. Not
only the mean of the difference, but also the variance
vary substantially over different retinal locations, with
the greatest dispersions around the locations of the two
major nerve fiber bundles and smallest dispersions at
temporal locations.
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Figure 3. Mean RNFLT separately for left (OS) and right (OD) eyes (top) and mean RNFLT differences (bottom), for each of the 768 locations
around the scanning circle, respectively. The coordinate system starts at the temporal (T) pole (0°) and traverses clockwise to the superior
(S), nasal (N), inferior (I) and back to temporal locations. In the difference plot, red locations denote significant (P < 0.05) RNFLT differences
between the eyes, calculated by paired t-tests on each location and adjusted for multiple comparisons.
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Figure 4. Sample quantiles of RNFLT differences between left (OS)
and right (OD) eyes for eachof the768 locations around the scanning
circle, over all patients, regardless of age or scanning radius. SD,
standard deviation.

Supplementary Figure S7 shows on which circum-
papillary locations age and absolute scanning radius
difference between right and left eye have an impact
(lower Akaike information criterion compared with
null model) on the mean or variance of interocu-
lar RNFLT differences. The mean and the variance
increase with increasing age and absolute radius differ-
ence particularly around the location of the major
superior RNFLT peak. Advancing age is also associ-
ated with larger RNFLT differences and increasing
variance nasal to the major inferior RNFLT peak.
Temporal to this peak, however, advancing age is
related to a smaller mean interocular RNFLT differ-
ences and variances, that is, the left and right RNFL
geometry becomes more similar over age in this region.

Discussion

Our study shows that the average RNFLT value
over all 768 locations was 1.53μm greater in right eyes
compared with left eyes (t-test, P < 2.2 × 10−16).
The interocular difference varied substantially over the
retinal locations, as illustrated in Figure 3. Interocular
RNFLT differences are significant in over 95.6% of the
locations onONHcircle scan (P< 0.05, red color) after
adjustment for multiple comparisons. The differences
vary between +11.6 μm and –11.8 μm. Our study also
demonstrates that RNFLT values were significantly
greater in superior and inferotemporal areas in left eyes
compared with right eyes.

The results of this study were compared with
previous studies, which measured interocular RNFLT

Figure 5. Comparison with previous studies of interocular RNFLT
differences. Previous studies with sample size N greater than 100
were selected if they applied OCT to measure RNFLT and were
not restricted to children as participants. The Age column shows
mean and range (apart from the Park et al. study, which did not
report an age range). Blue/red color denotes significantly thicker
RNFL in right/left eyes, respectively, for each circumpapillary sector
or location. Gray color denotes the lack of significant differences.
Note that each temporal sector of the previous works was split, with
each half of the sector displayed on the right and left ends of the bar,
respectively, to align the coordinates with our study.

differences (Fig. 5). Although previous studies (top
four rows) provided results for 613 to at most
12 sectors,14–16 our data (bottom row) offer a spatial
resolution of 768. All previous studies had sample sizes
between 121 and 1500, which is substantially lower
than our sample size of 4483. Previous results cover
one time-domain (Stratus OCT; Park et al.16) and two
different spectral-domain OCT machines (Cirrus HD-
OCT: Mwanza et al.,15 Dalgliesh et al.14; Spectralis
OCT: Zangalli et al.).13 Gray sectors denote the lack
of significant results, which occurred in all previous
studies at between 16.7% and 50.0% of the measure-
ment circle, especially in inferonasal sectors. Because
null hypothesis significance testing does not allow to
test for equality, the absence of significant effects
might either mean that there are indeed no differ-
ences at these locations, or that the variance on these
locations is too high and the number of patients too
low to identify the direction of the effect. In the
present study, only 9.2% of the locations do not exhibit
significant difference effects, and these locations are
typically arranged around the reversal points between
positive and negative differences, which suggests that
both the larger sample size and the large number
of measurement locations in our study considerably
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decrease the uncertainty of interocular asymmetry
effects. Our work reveals a distinct region of thicker
RNFL in left eyes in the superior area, which is gener-
ally consistent with previous studies, but our high
spatial resolution allows a more precise characteriza-
tion and localization of its reversal points. In addition,
our results show a second such region in the inferotem-
poral area, which is only visible in one of the previous
studies.14

The RNFLT line graph (top panel of Fig. 3)
indicates two different reasons for the obtained interoc-
ular differences: First, at certain retinal locations, the
RNFL truly differs in thickness between the left and
right eyes. This is visible in most of the superior retina,
where the red curve is above the blue curve, which
means in this location left RNFL is thicker than right
RNFL, as well as on the entire nasal and inferonasal
areas, where the blue curve is above the red curve,
which means left eyes have thinner RNFL in this area
compared with right eyes. In the inferotemporal area,
however, the two curves indicate that the thickness
difference is mainly driven by the location difference
between the two equally high RNFLT peaks, that is,
the major nerve fiber bundle in the left eye, although
equally thick, is shifted in temporal direction compared
with the corresponding bundle in the right eye. This
finding implies that the inferotemporal hump in the
bottom panel of Figure 3 is a result of a phase shift
between the two eyes, that is, of different interocu-
lar RNF geometry, rather than of a true point-wise
thickness difference. This finding is consistent with our
finding that inferotemporal peaks of right eyes are 4.4°
more nasal than those of left eyes. Because refrac-
tive error is closely related to the true diameter of the
scanning circle, which has a considerable impact on
the RNFLT profile,7 and scanning circle differences
are associated with shifts in RNFLT humps,6,23,28 one
might assume that anisometropia is a major deter-
minant of the reversal locations of the interocular
RNFLT asymmetries. However, our results suggest this
scenario to be unlikely, because scanning radius effects
account for only less than 1% of the variance of the
differences in interpeak angle.

Ocular dominance is subject to a considerable right
eye preference,29,30 which is an interesting coinci-
dence with our findings of thicker RNFL in right
eyes on average. Choi et al.,31 in agreement with
our study, reported globally thicker circumpapillary
RNFL in right eyes, which, however, could not be
explained by dominance effects alone; however, in
dominant eyes, the inferior RNFL was thicker than
the superior RNFL. Our substantially more detailed
ocular asymmetry analysis might help future studies to
investigate the possible associations between RNFLT

differences and ocular dominance more comprehen-
sively.

Interocular RNFLT differences vary over retinal
locations not only in mean but also considerably in
variance, as illustrated in Figure 4 and Supplementary
Figure S7. The variance is particularly large around
the locations of the two major RNFLT humps, that
is, at retinal areas of high relevance for glaucoma
diagnostics. Furthermore, age and the interocular
difference of the estimated true scanning circle radius
(which is, as discussed elsewhere in this article, related
to anisometropia) significantly modulate both mean
and variance of interocular RNFLT differences over
large retinal areas (Supplementary Fig. S7): Although
larger radius differences typically increase the magni-
tude and variance of interocular asymmetries (red
areas), this is not necessarily the case for increasing
age, because there are certain, distinct circumpapil-
lary regions where the RNFLT becomes more similar
between the eyes with aging (blue areas). These findings
justify our approach to independently model mean and
dispersion of the normative RNFLT difference distri-
butions separately for each of the 768 circumpapillary
locations as functions of age and the (signed) interoc-
ular difference of the estimated true scanning radius.

Details of the generation of the interocular RNFLT
difference norms are provided as supplementary
material in the external data repository, and the accom-
panying numerical values on which the age, radius, and
location specific norms are based are provided in a
public open access data repository. The supplemental
software allows to generate normative plots for any age
and scanning radius differences. For instance, Supple-
mentary Figure S8 illustrates selected percentiles for
two exemplary cases, namely, for 50-year-olds with
equal scanning radii in both eyes (top panel) and for
70-year-olds with a radius difference of 50 μm.

To facilitate applications in basic and medical
research and to support future implementations of
our results by OCT manufacturers, in the supple-
mentary data repository, we provide open source
software that takes interocular RNFLT differences as
input and generates plots inspired by the Spectralis
standard printout, displaying the interocular differ-
ence curve on the top of the patient’s personalized
normative percentile bands, together with details of
the major sectors. To facilitate practical applications,
layout and coloring corresponds with conventions used
by typical clinical ophthalmic OCT devices, such as the
Heidelberg Spectralis or Cirrus HD-OCT (Carl Zeiss
Meditec, Jena, Germany). Figure 6 shows the result
of the application of our software to the measurement
shown in Figure 1. The layout and colors of the graph-
ical output correspond with the Spectralis printout,
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Figure 6. Example of the interocular difference normative plot
generated by our supplemental software provided in the exter-
nal supplementary data repository. The measurement shown here,
together with the corresponding personalized norms according to
age and scanning radius, is the same as shown in Figure 1. Colors
and layout correspond with the Spectralis printout (Fig. 1). (Left) The
interocular RNFLT difference (left minus right eye; solid black line) is
shown togetherwith the personalized normative quantiles. The dark
green line shows the normative median. On the right, the absolute
interocular RNFLT difference for the sectors as well as the global
mean (G) are presented (black numbers), together with the respec-
tive normative medians (dark green numbers in parentheses).

but show the interocular RNFLT difference together
with the corresponding personalized norms according
to age and scanning radius.

We would like to note that the normative plots
generated by our provided software are descriptive and
do not imply precise details on how to interpret possi-
ble deviations from these norms within a specific eye.
Rather, they should be used in a similar way as the
existing color plots for RNFLT currently provided by
OCT manufacturers, that is, as a visually inspected
adjunct to the complex diagnostic decision process. As
with the RNFLT, small and localized deviations from
RNFLT difference norms do not necessarily indicate
ocular disease, and further researchmight reveal partic-
ularly more or less informative circumpapillary regions
of deviations from RNFLT difference norms, which
help to better understand and interpret details of the
plots we provide here.

Limitations of this study include that only one OCT
machine (Spectralis SD-OCT) was used to obtain the
normative distributions and that the population was
largely dominated by European patients; therefore, it
remains to be established if our results can be gener-
alized to people of other descent. Further studies are
needed to investigate this in detail. However, we would
like to note that the results from previous studies
summarized in Figure 5 are based on several different
OCT machines and include a variety of non-European
populations, and their sectoral results share several
distinct features with our study, as detailed elsewhere in
this article. A further potential deficiency of the dataset

we used for this study is the unavailability of axial
length, refractive error, and corneal refractive power.
The availability of axial length and corneal refractive
power might allow a more accurate and more estab-
lished estimate of ocular magnification. At the same
time, we would like to note that none of the OCT
machines currently used in clinical practice include
refractive error data in any of their norms, and thus
we based our interocular difference norms only on data
readily available in the Spectralis machine, which is the
case for both age and the estimated scanning radius.
Refractive error might indeed modulate interocular
RNFLT differences. Therefore, as detailed elsewhere in
this article, we systematically investigated those retinal
characteristics that are known to be closely associ-
ated with refractive error, namely, the estimated true
scanning radius, which depends on both lens related
characteristics and axial length, and the location of the
major RNFLT humps, which is correlated with axial
length.

Finally, we would like to note that our study focused
only on those RNFLT-related parameters that are
established in current norms or are at least easily avail-
able from currently applied clinical scanning protocols,
so that our results can be straightforwardly applied
to existing OCT measurements from clinical practice.
However, a number of further parameters, which are
more complex to access, might additionally have an
impact on RNFL thickness and therefore also on
interocular RNFLT asymmetry. For instance, although
we controlled for ocular magnification, there might
be asymmetries in the true size of the optic disc,
which, in turn, might affect RNFLT differently in the
two eyes. Apart from that, even after normalizing the
scanning coordinate system for the disc–fovea angle,
existing asymmetries in the disc–fovea angle might
have an impact on RNFLT asymmetry. Moreover, our
results indicate impacts of individual RNFLT humps
on interocular asymmetries, so that a precise knowl-
edge of predisease RNF bundle locations in each eye
would likely help to improve glaucoma diagnostics
based on RNFLT asymmetry. In clinical settings, at
the time of the first test, RNFL thinning may already
have taken place owing to optic neuropathies, so that
the predisease RNF bundle geometry cannot be deter-
mined anymore. To overcome this problem, it has been
previously suggested to use the locations of the major
retinal arteries, which are correlated with RNFLT
peaks, as estimates of predisease RNF bundle trajec-
tories. The relationship between vessel anatomy and
RNFLT has been extensively studied.5,24 In a previous
work, for instance, we could show that individualmajor
retinal artery locations biasedOCTRNFLT abnormal-
ity patterns on 37% of the peripapillary scanning area,
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regardless of glaucoma severity.24 Therefore, it is likely
that interocular asymmetry–based glaucoma diagnos-
tics could considerably be improved by taking individ-
ual vessel anatomy into account. This process, however,
would require an initial automated artery detection on
OCT fundus images. Future studies would be useful
to implement these types of image processing and, in
succession, to systematically study vascular anatomy
on RNFLT asymmetry.

To conclude, we systematically investigated interoc-
ular differences in cpRNFLT and possible associa-
tions with age, scanning radius, and nerve fiber bundle
geometry, in a large population-based study. As a final
outcome, we provide detailed, high-resolution norma-
tive data specific to circumpapillary retinal location,
age, and the difference of the scanning radii between
the eyes. To facilitate applications, the normative distri-
bution data as well as a software that takes cpRNFLT
measurements as input and generates personalized
normative color plots inspired by the Spectralis print-
out are provided in the open access repository.

Supplementary data and software can be found
in the Mendeley repository linked with this article at
http://dx.doi.org/10.17632/ss2nynfc8s.1. Supplemen-
tary Figures S1, S2, S3, S4, Supplementary Table
S5, and Supplementary Figures S6, S7, and S8 are
available under the Supplements menu.
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