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Purpose: The purpose of this study was to correct refractive error-associated bias in
optical coherence tomography (OCT) and OCT angiography (OCTA) glaucoma diagnos-
tic parameters.

Methods: OCT and OCTA imaging were obtained from participants in the Hong Kong
FAMILY cohort. The Avanti/AngioVue OCT/OCTA system was used to measure the
peripapillary nerve fiber layer thickness (NFLT), peripapillary nerve fiber layer plexus
capillary density (NFLP-CD), macular ganglion cell complex thickness (GCCT), and
macular superficial vascular complex vascular density (SVC-VD). Healthy eyes, including
ones with axial ametropia, were enrolled for analysis.

Results: A total of 1346 eyes from 792 participants were divided into 4 subgroups:
high myopia (<−6D), low myopia (−6D to −1D), emmetropia (−1D to 1D), and hyper-
opia (>1D). After accounting for age, sex, and signal strength, multivariable regres-
sion showed strong dependence in most models for NFLT, GCCT, and NFLP-CD on axial
eye length (AL), spherical equivalent (SE) refraction, and apparent optic disc diameter
(DD). Optical analysis indicated that AL-related transverse optical magnification varia-
tions predominated over anatomic variations and were responsible for these trends.
Compared to the emmetropic group, the false positive rates were significantly (Chi-
square test P < 0.003) elevated in both myopia groups for NFLT, NFLP-CD, and GCCT.
Regression-based adjustment of these diagnostic parameters with AL or SE significantly
(McNemar test P < 0.03) reduced the elevated false positive rates.

Conclusions:Myopic eyes are biased to have lower NFLT, GCCT, and NFLP-CDmeasure-
ments. AL- and SE-based adjustments were effective in mitigating this bias.

Translational Relevance:Adoption of these adjustments into commercial OCT systems
may reduce false positive rates related to refractive error.
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Introduction

Optical coherence tomography (OCT) is one of the
most used imaging modalities to diagnose glaucoma.
OCT provides a reproducible quantitative assessment
of structural damage in glaucoma, which often occurs
before functional changes can be detected by perime-
try.1,2 The peripapillary retinal nerve fiber layer thick-
ness (NFLT) and the macular ganglion cell complex
thickness (GCCT) have been used to detect and
monitor glaucoma progression.3–5 More recently, OCT
angiography (OCTA), an extension of OCT, has been
used to measure the perfusion of different retinal
layers.6–8 In the peripapillary region, glaucomatous
damage can be best visualized in the nerve fiber layer
plexus (NFLP) slab,9,10 whereasmacular perfusion loss
can be best observed in the superficial vascular complex
(SVC) slab.11 There is evidence that OCT angiography
may improve the detection of glaucoma in the early
stages.9,12,13

In commercial OCT machines, individual ocular
measurements are compared against a normative
database to classify eyes as normal or abnormal.
However, refractive error-associated biases present a
challenge to accurate classification. For example, it is
well known that the eye’s axial length (AL) is inversely
correlated to NFLT and GCCT due to optical magni-
fication effects.14–20 Retinal anatomic changes associ-
ated with myopia and hyperopia further complicate
the analysis. Ultimately, a regional or global reduction
of NFLT due to myopia could cause a false positive
diagnosis of glaucoma by an unwary clinician. This
error is colloquially called the “red disease” because
an abnormal classification is often printed in red in
the output of the clinical OCT system.21,22 In OCTA,
NFLP capillary density (CD) is negatively correlated
with AL based on a nonlinear relationship.23 Inter-
estingly, many previous studies24–26 have not found a
significant correlation between AL and macular SVC
vessel density (VD).

With the rising prevalence of myopia projected to
affect about 1 in 2 individuals by 2050, finding a
solution to this diagnostic bias will be of increasing
importance.27 In the current study, we seek to correct
this bias using clinically available measures of axial
refractive error. These include the spherical equiva-
lent (SE) manifest refraction (the standard measure-
ment of myopia), AL, and apparent optic disc diame-
ter (DD) measured on OCT. Although AL is not often
measured in the eye clinic, it is essential in patients with
cataract surgery or refractive surgery that dissociates
the connection between the eye’s refraction and optical
magnification. We consider DD as a surrogate measure

of AL because it is strongly affected by the eye’s optical
magnification and is a convenient byproduct of OCT
scanning of the disc region.

Methods

This cross-sectional study is based on a subgroup
from the Hong Kong FAMILY Cohort population-
based study, which includes a territory-wide random
sample.28 Of the 18 in Hong Kong, 4 districts (Tin
Shui Wai, Sham Shui Po, Kwun Tong, and Tseung
Kwan O) were selected. All participants aged 18
years and older in these districts were invited to
participate. The Institutional Review Board of the
University of Hong Kong approved the study which
adhered to the Declaration of Helsinki. All partic-
ipants provided written informed consent at enroll-
ment. The recruitment process and cohort charac-
teristics were previously reported.25,29 Comprehen-
sive ophthalmic examination, systemic health question-
naire, and blood sampling were obtained from all
participants. The AL was measured with an ocular
biometer (AL-Scan, Nidek, Gamagori, Japan). The
best-corrected visual acuity was measured by the best
possible correction obtained by subjective refraction.
DD was a direct output from the structural OCT scan.

Posterior segment imaging was obtained using a
commercially available spectral-domain OCT device
with OCTA function (Avanti with AngioVue OCTA,
Optovue Inc., Fremont, CA, USA). The Avanti has a
speed of 70,000 A-scans/second and an axial resolu-
tion of 5 μm full-width-half-maximum in tissue. Struc-
tural OCT scans of the optic nerve head region (ONH
scan) were used to measure the NFLT at the standard
3.4-mm diameter circle, and structural OCT scans of
the macula (GCC scan) shifted 1 mm temporal to the
fovea were used to measure the GCCT in a 6 × 6-mm
area. The ONH scan also outputs the apparent optic
disc area, which is converted to the apparent DD by
assuming the disc is circular. A 6 × 6-mm macular
OCTA scan was used to measure the SVC-VD, and a
4.5 × 4.5-mm OCTA scan of the optic disc region was
used to measure peripapillary NFLP-CD. The OCTA
scans were obtained with standard 304 × 304 trans-
verse sampling.

Only normal eyes were included in this study, and
either one or two eyes were included per participant.
Subjects with a history of glaucoma, abnormalities in
frequency doubling technology (FDT) perimetry or
fundus examination (disc, macula, or vessels), elevated
intraocular pressure (>21 mm Hg), enlarged cup-to-
disc ratio (>0.7), and pseudophakia were excluded. To
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ensure quality, subjects withmissing data or poor signal
strength index (SSI), a measure of reflectance signal
ranging from 0 to 100 based on OCT or OCTA scans
(<50), were also excluded.

Both univariable and multivariable linear regres-
sion analyses were performed for each OCT parameter
(NFLT, GCCT, NFLP-CD, and SVC-VD). The multi-
variable regression models always included age, sex,
and SSI, whereas the measures of axial ametropia—
AL, SE, and DD—were included in the model one
at a time. The broken stick (or segmented) regression
model related OCTA and OCT parameters to SE, AL,
and DD, with the breakpoints set at emmetropia (SE
= 0 diopters [D]). The slopes of the two segments
in the broken stick model were considered signifi-
cantly different if P < 0.05 for the interaction term
between the axial ametropia variable and a variable
that dichotomizesmyopia versus hyperopia. To address
the issue of within-participant clustering, a linear
mixed model was applied to the multivariable regres-
sion analysis.

The coefficients from the regression models were
then used to adjust OCT parameters for age, sex,
SSI, and AL, SE, or DD. Therefore, OCT parame-
ters following adjustment were labeled as AL-, SE-,
or DD-adjusted. Pearson correlation coefficients were
reported to compare the strengths of dependence
among demographic or ocular characteristics and
imaging parameters.

Eyes were divided into four groups based on SE:
high myopia (<−6 D), low myopia (−6 to −1 D),
emmetropia (−1 D to 1 D), and hyperopia (>1 D).
The threshold for an “abnormal” classification was
set at the fifth percentile of emmetropic eyes. Because
all the subjects were normal, eyes with OCT and
OCTA diagnostic parameters below the threshold were
false positive abnormalities. The false positive rate was
calculated by dividing the number of false positive
eyes by the total number of eyes in each respective
group. The false positive rate was used to measure the
bias related to the refractive error. The chi-square test
was used to determine the statistical significance of
any difference in false positive rates between groups
(e.g. emmetropia versus high myopia). The McNemar
test was used to determine the statistical significance
of any reduction in false positive rates derived from
regression-based adjustments of diagnostic parame-
ters.

The relative transverse optical magnification of
OCT measurements made in an eye is estimated by
the ratio of the eye’s AL to a reference AL.18 The
reference is 23.82 mm, the AL of the optic model of
the eye used by the Avanti OCT system to convert
from the scan angles used to define scan pattern to

millimeter length on the retinal plane.30 Thismagnifica-
tion calculation was used to correct the magnification
effect of AL variation on the measurements of DD and
NFLT.

Statistical analysis was conducted in R using
RStudio (RStudio for Mac, version 1.3; PBC, Boston,
MA, USA). The linear mixed model multiple linear
regression analysis was implemented using the lmerTest
package.21 Figures were created using the ggplot2
package.31,32 GraphPad Prism version 9.0.2 for Mac
(GraphPad Software, San Diego, CA, USA) was used
to create figures highlighting the false positive rates.
Last, statistical analysis (Pearson correlation coeffi-
cients, chi-square tests, and McNemar tests) was also
performed in a random single-eye subset to ensure
that any potential bias from clustering within partic-
ipants does not significantly affect the results or
conclusions.

Results

A total of 3936 eyes from 1968 participants were
enrolled in the study. After excluding participants with
a history of glaucoma or cataract and abnormalities
on perimetry, tonometry, and fundus examinations,
we included for analysis 1345 eyes from 792 partici-
pants with a mean ± standard deviation of 46.6 ± 14.4
years (range = 18–78 years). All participants reported
being of Asian ethnicity. Stratification by SE refrac-
tion showed myopia to be associated with younger
age and higher intraocular pressure (Table 1), whereas
hyperopes exhibit the opposite. As expected, myopes
had significantly longer AL compared to emmetropes
whereas the hyperopes had shorter AL. Consistent
with the magnification effect, we observed reduced
DD among the myopes and increased DD among
the hyperopes. The magnification effect would also
predict thinner NFLT andGCCT in the myopes, which
was observed (P < 0.004 compared to emmetropes);
however, thicker NFLT and GCCT were not observed
among the hyperopes. In fact, NFLT among the hyper-
opes was slightly thinner compared to the emmetropes.
A similar pattern was observed for the perfusion
parameters NFLP-CD. Signal strength was highest in
the emmetropes and decreased with any axial refractive
error.

Because the effect of ametropia on OCT and OCTA
parameters was only observed among the myopes and
not the hyperopes (see Table 1), we used a broken stick
model to separate the myopes and hyperopes in our
regression analyses (Fig. 1). Linear regression showed
that NFLT, NFLP-CD, and GCCT were significantly
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Table 1. Demographic and Ocular Characteristics of Study Participants

Parameter All
High Myopia
(<−6 D)

LowMyopia
(−6 D to −1 D)

Emmetropia
(−1D to 1 D)

Hyperopia
(>1 D) P Value

Participants, n 792 66 337 285 104
Eyes, n 1345 117 593 482 153
Age, y 47.0 ± 14.7 40.3 ± 11.3 42.0 ± 14.0 50.3 ± 13.9 58.2 ± 11.8 <0.001
Sex, % male 42 44 44 42 38 <0.001
IOP, mm Hg 13.7 ± 2.7 14.0 ± 2.5 14.1 ± 2.8 13.3 ± 2.7 13.0 ± 2.6 <0.001
CCT, μm 548.9 ± 34.5 551.3 ± 27.8 553.3 ± 33.6 545.3 ± 37.5 540.9 ± 31.0 0.51
SE, D −1.8 ± 2.9 −7.9 ± 1.7 −3.1 ± 1.4 0.1 ± 0.6 2.0 ± 1.3 <0.001
AL, mm 24.5 ± 1.4 26.7 ± 1.0 25.0 ± 0.9 23.7 ± 1.0 23.2 ± 1.1 <0.001
DD, mm 1.60 ± 0.17 1.50 ± 0.18 1.56 ± 0.16 1.65 ± 0.16 1.68 ± 0.16 <0.001
NFLT, μm 100.5 ± 9.2 95.2 ± 8.4 99.2 ± 9.0 102.9 ± 8.2 102.8 ± 9.5 <0.001
NFLT SSI 66.8 ± 8.0 64.6 ± 7.4 67.3 ± 7.6 66.8 ± 8.2 64.1 ± 8.5 <0.001
NFLP-CD, % area 54.2 ± 2.9 53.0 ± 3.0 54.0 ± 2.9 54.7 ± 2.7 54.0 ± 2.7 <0.001
NFLP-CD SSI 66.8 ± 7.7 63.1 ± 6.2 66.6 ± 7.3 68.1 ± 8.0 66.0 ± 8.2 <0.001
GCCT, μm 96.3 ± 6.8 94.6 ± 7.4 95.4 ± 6.3 97.4 ± 6.8 97.4 ± 7.5 <0.001
GCCT SSI 71.8 ± 7.1 68.3 ± 5.5 71.3 ± 6.8 73.3 ± 7.2 71.4 ± 7.8 <0.001
SVC-VD, % area 48.1 ± 3.3 47.4 ± 3.0 48.0 ± 3.1 48.4 ± 3.4 47.9 ± 3.3 0.12
SVC-VD SSI 66.5 ± 6.5 62.6 ± 5.5 66.3 ± 6.3 67.8 ± 6.6 65.6 ± 6.8 <0.001

The study participants were stratified by SE and group statistics are displayed as mean ± standard deviation. The differ-
ence among groups of continuous and categorical (e.g. sex) variables was tested by generalized linear mixed models to
address within-participant clustering. Age was tested by analysis of variance. SSI is an integer score from 0 to 100 based on
the reflectance signal. AL, axial length; CCT, central corneal thickness; CD, capillary density; DBP, diastolic blood pressure; DD,
disc diameter; GCCT, ganglion cell complex thickness; IOP, intraocular pressure; NFLT, nerve fiber layer thickness; NFLP, nerve
fiber layer plexus; SBP, systolic blood pressure; SE, spherical equivalent refraction; SSI, signal strength index; SVC, superficial
vascular complex; VD, vessel density.

negatively correlated with AL and positively correlated
with SE and DD among the myopes. Correlation was
strongest for NFLT. No significant trends were found
in most hyperopic segments except NFLT and GCCT
were positively correlated with DD. The slopes of
the hyperopic and myopic segments were significantly
different from each other in the two NFL-associated
SE plots (P < 0.03 for NFLT and P < 0.02 for NFLP-
CD). Among the myopes, SVC-VD was significantly
negatively correlated withAL; but the correlations with
SE and DD were not significant. No significant trend
was found among the hyperopes. For all these regres-
sion analyses (see Fig. 1), we compared the broken stick
(segmented) models with a nonsegmented model and
found the broken stick model to fit the data signifi-
cantly better (ANOVA, P < 0.001).

Univariable linear regression (Table 2) showed that
older age and male sex were significantly associ-
ated with lower NFLT, NFLP-CD, and SVC-VD, but
not GCCT. Higher SSI was significantly correlated
with greater OCT and OCTA parameters. The angio-
graphic parameters (NFLP-CD and SVC-VD) were
more dependent on SSI than age or sex.

Multivariable broken stick linear regression
(Table 3) showed that older age was associated with
significantly lower peripapillary NFLT, NFLP-CD,
macular GCCT, but not lower SVC-VD. Male sex, in
most models, was significantly correlated with reduced
NFLT, NFLP-CD, and SVC-VD, but not GCCT.
Higher SSI was significantly associated with higher
OCT and OCTA parameters, but its effect (normalized
slope) was much higher on the OCTA parameters
compared to OCT parameters. In most models of
myopic eyes, thinner NFLT and lower NFLP-CD were
significantly associated with longer AL, lower SE, and
smaller DD. In the macular region, GCCT had similar
correlations with a smaller effect (normalized slope)
compared to NFLT. Interestingly, reduced SVC-VD
was weakly associated with lower SE and not signifi-
cantly associated with AL or DD. The structural OCT
parameters, NFLT and GCCT, have a stronger depen-
dence on the axial myopia measures (AL, SE, and DD)
than demographics (age and sex) and SSI. However,
in NFLP-CD and SVC-VD, the reverse order was
observed where SSI is the predominant effect, followed
by sex, age, and axial myopia variables. Among the
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Figure 1. Plots of univariable broken stick regression fits between imaging-derived glaucomadiagnostic parameters andmeasures of axial
ametropia. The breakpoints were set at AL= 23.76mm, SE= 0.00 D, andDD= 1.64mm. The green segment represents the hyperopic region,
and the red segment represents themyopic region. The slope (m), statistical significance: ***(P< 0.001), **(P< 0.01), *(P< 0.05), and Pearson
correlation coefficient (r) are shown for each segment. AL, axial length; CD, capillary density; DD, disc diameter; GCCT, ganglion cell complex
thickness; NFLT, nerve fiber layer thickness; NFLP, nerve fiber layer plexus; SE, spherical equivalence; SVC, superficial vascular complex; VD,
vessel density.

axial myopia variables, AL and SE generally performed
similarly well, but DD had the least effects as measured
by normalized slope.

Compared to the emmetropic group, the false
positive rates were significantly (chi-square tests P <

0.01) elevated in the high and low myopia group for
NFLT, NFLP-CD, and GCCT (Fig. 2). SVC-VD was
not significantly different from the emmetropia group,
and this agrees with the regression models demon-
strating a minimal correlation between SVC-VD and
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Table 2. Effect of Demographics and Signal Strength on OCT and OCTA Parameters

Parameter NFLT (μm) NFLP-CD (% area) GCCT (μm) SVC-VD (% area)

Age (y) −0.09*** (−0.12***) −0.03*** (−0.16***) −0.03 (−0.05*) −0.03*** (−0.10***)
Sex (male: female) −1.87** (−0.09***) −1.08*** (−0.18***) 0.03 (0.02) −0.92*** (−0.14***)
SSI 0.10*** (0.09***) 0.18*** (0.52***) 0.09*** (0.13***) 0.31*** (0.61***)

Univariable linear regression analyseswere performedwith NFLT, NFLP-CD, GCCT, and SVC-VD as dependent variables. Data
are displayed as slope, statistical significance: ***(P < 0.001), **(P < 0.01), *(P < 0.05), and Pearson r correlation coefficient (in
parenthesis). Signal strength index (SSI) is an integer score from 0 to 100 based on the reflectance signal. CD, capillary density;
GCCT, ganglion cell complex thickness; NFLT, nerve fiber layer thickness; NFLP, nerve fiber layer plexus; SSI, signal strength
index; SVC, superficial vascular complex; VD, vessel density.

Table 3. Multivariable Linear Regression Analyses of Imaging Parameters

NFLT (μm) NFLP-CD (% Area) GCCT (μm) SVC-VD (% Area)

Model 1
Age (y) −0.14 (−0.23)*** −0.02 (−0.13)*** −0.05 (−0.10)** 0.01 (0.03)
Sex (%male) −0.84 (−0.04) −0.88 (−0.15)*** 0.46 (0.04) −0.97 (−0.15)***
SSI 0.08 (0.07)*** 0.17 (0.46)*** 0.06 (0.06)* 0.32 (0.63)***
AL (mm) −2.57 (−0.33)*** −0.35 (−0.13)*** −0.97 (−0.20)*** 0.11 (0.02)
Model 2
Age (y) −0.15 (−0.23)*** −0.03 (−0.12)*** −0.05 (−0.10)** 0.01 (0.03)
Sex (%male) −1.67 (−0.10)** −0.97 (−0.18)*** 0.25 (0.00) −0.93 (−0.14)***
SSI 0.09 (0.08)*** 0.17 (0.47)*** 0.06 (0.07)** 0.32 (0.64)***
SE (D) 0.88 (0.33)*** 0.12 (0.14)*** 0.29 (0.16)*** −0.08 (−0.08)*
Model 3
Age (y) −0.11 (−0.18)*** −0.02 (−0.11)*** −0.04 (−0.07)** 0.00 (0.03)
Sex (%male) −1.41 (−0.10)* −0.95 (−0.17)*** 0.32 (0.01) −0.96 (−0.14)***
SSI 0.08 (0.08)*** 0.17 (0.48)*** 0.06 (0.07)** 0.31 (0.63)**
DD (mm) 9.33 (0.15)*** 0.82 (0.02) 3.61 (0.11)** −0.17 (−0.01)

All broken stick regression models included age, sex, and SSI with the addition of AL (model 1), SE (model 2), or DD (model
3) separately in each model. The dependent variables are the column headings. Data are displayed as slope (slope normal-
ized against standard deviation of both dependent and independent variable), and statistical significance: ***(P < 0.001),
**(P < 0.01), *(P < 0.05). The normalized slope is the change in standard deviation (SD) of the OCT parameter per 1 SD of
the independent variable. Only the slopes for the myopic segments are shown; the slopes for the hyperopic segments were
not statistically significant. SSI, signal strength index; AL, axial length; CD, capillary density; DD, disc diameter; GCCT, ganglion
cell complex thickness; NFLT, nerve fiber layer thickness; NFLP, nerve fiber layer plexus; SE, spherical equivalence; SSI, signal
strength index; SVC, superficial vascular complex; VD, vessel density.

measures of axial ametropia. No significant differ-
ence was found in false positive rates between the
emmetropic and hyperopic groups, which agrees with
the trends in diagnostic parameters among subgroups
and supports the need for broken stick regression
models to fit refractive error-associated biases better.
Regression-based adjustment of diagnostic parame-
ters with AL or SE significantly (McNemar test P
< 0.05) reduced the false positive rates in the high
and low myopia groups for NFLT, NFLP-CD, and
GCCT (Fig. 3). Adjustment using DD did not signif-
icantly reduce the false positive rate for any diagnos-

tic parameter in any group. There was no signif-
icant difference between AL and SE adjustment,
suggesting that they effectively remove diagnostic
bias.

A case example was selected to demonstrate
the utility of regression-based adjustment for OCT
diagnostic parameters (Fig. 4). The right eye of a high
myope with otherwise healthy eyes had OCT diagnos-
tic parameters below the fifth percentile threshold of
normal (false positive). After regression-based adjust-
ment for AL, the parameters fell within the normal
range (above the fifth percentile cutoff), and that eye is
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Figure 2. False positive rates of glaucoma diagnostic parameters
stratified by refractive error based on shape. Adjustments in
diagnostic parameters were made using multiple linear regression
against age, sex, and signal strength index. Brackets between points
indicate statistically significant differences from chi-square tests:
***(P < 0.001), **(P < 0.01). No statistical significance was found
between hyperopia and emmetropia in NFLT, NFLP-CD, and GCCT.
No statistical significance was found between emmetropia and all
other subgroups in SVC-VD. CD, capillary density; GCCT, ganglion
cell complex thickness; NFLT, nerve fiber layer thickness; NFLP, nerve
fiber layer plexus; SVC, superficial vascular complex; VD, vessel
density.

no longer considered a false positive. SE-based adjust-
ment achieved similar results.

Using an AL-based model,18 we obtained
magnification-corrected measurements for two quanti-
ties: DD andNFLT. Broken stick regressions were then
implemented on both apparent and magnification-
corrected measurements against AL (Fig. 5). The

magnification-corrected measurements reflect the
actual anatomic variation, showing that longer eyes
are associated with larger discs and thickerNFL. These
associations were significantly stronger (P < 0.04) for
hyperopic eyes. Without correction, the magnification
effect predominates, resulting in the opposite trends
where longer eyes are associated with smaller appar-
ent DD and thinner apparent NFLT. These apparent
associations were stronger for myopic eyes.

Discussion

In this large community-based study, we found that
myopia correlates with increased false positive rates in
OCT andOCTA parameters. The peripapillary param-
eters (NFLT and NFLP-CD) have stronger associa-
tions with AL than macular parameters (GCCT and
SVC-VD). The diagnostic bias can be addressed by
either AL- or SE-based adjustments using broken stick
regression models.

This diagnostic bias in myopes has been
documented in previous papers. In a study of 27
eyes, Rauscher et al. reported a higher prevalence of
scans outside the normal limits based on the normative
classification database in highmyopes (50%; SE= <−5
D) compared to low myopes (15%).5 A study of 125
eyes by Leung et al. found a similar correlation where
more eyes were classified as abnormal in the high
myopia group than in the low-to-moderate myopia
group.4 Furthermore, Chong and Lee cautioned
against classifying eyes as normal or abnormal solely

Figure 3. False positive rates of glaucoma diagnostic parameters stratified by adjustment type based on shape. Brackets between points
indicate statistically significant differences fromMcNemar tests: ***(P< 0.001), **(P< 0.01), *(P< 0.05). No statistical significance was found
between AL- and SE-adjustment in NFLT, NFLP-CD, and GCCT. No statistical significance was found with or without DD-adjustment in NFLT,
NFLP-CD, and GCCT. AL, axial length; CD, capillary density; DD, disc diameter; GCCT, ganglion cell complex thickness; NFLT, nerve fiber layer
thickness; NFLP, nerve fiber layer plexus; SE, spherical equivalence.
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Figure 4. An example case. The right eye of a 40-year-old man with an axial length of 28.56 mm is characterized as abnormal (below the
fifthh percentile threshold in emmetropic eyes) based on NFLT and GCCT measurements. (Left) Nerve fiber layer thickness map of the optic
nerve head. (Right) Normative database reference map of the macular region. (Bottom) Diagnostic parameters and percentiles before and
after axial length adjustment. GCCT, ganglion cell complex thickness; NFLT, nerve fiber layer thickness.

Figure 5. The impact of magnification correction on disc diameter and nerve fiber layer thickness. The apparent disc diameter (DD)
(A) and the magnification-corrected DD (B) are plotted against axial length (AL). The apparent nerve fiber layer thickness (NFLT) (C) and
the magnification-corrected NFLT (D) are plotted against axial length. The transverse optical magnification is calculated based on the axial
length as described in the methods section. The broken stick model is used in linear regression with the breakpoint set at AL = 23.76 mm.
The green segment represents the hyperopic region, and the red segment represents the myopic region. The slope, statistical significance:
***(P < 0.001), **(P < 0.01), *(P < 0.05), and Pearson r correlation coefficient are shown for each segment.
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on a normative database, especially when eyes do
not match the characteristics of the database (e.g. high
myopia).21

The optical magnification effect of imaging systems
is one of the major contributing factors to the negative
correlation between structural parameters and AL—
leading to elevated false positive rates in myopic
eyes. The magnification effect, a measurement artifact,
explains that the actual transverse retinal dimension
captured by the OCT scan pattern is larger in a
myopic eye due to the greater distance subtended
rays travel before reaching the retina.18,33 Magnifi-
cation correction for NFLT is based on the knowl-
edge that there are a fixed total number of nerve
fibers in any individual eye. Assuming the nerve fiber
and associated glial cross-sectional area are constant
near the disc, a fixed total nerve fiber layer cross-
sectional area. The measured overall average NFLT is
the cross-sectional area divided by the circumference of
the scan circle, which is inversely proportional to the
magnification.

Previous reports have identified the effects of magni-
fication and have attempted to correct this bias using
the Littman or modified Bennet formulas.34–37 Certain
studies using these formulas have also reported a
positive correlation between NFLT and AL follow-
ing correction.38–40 Our results, which also showed an
increase in NFLT with longer AL after correction (see
Fig. 5), support the notion that anatomically myopic
eyes may have larger optic discs which are associ-
ated with a larger number of nerve fibers and, there-
fore, greater never fiber layer cross-sectional area.41–43
Hyperopic eyes exhibit an even stronger slope depen-
dence, with the shorter eye having greatly reduced
disc diameter and NFLT. The stronger dependence in
hyperopic eyes could be explained by their relative lack
of growth at a very early stage (3-9 months),44–46 thus
resulting in fewer ganglion cells and nerve fibers. The
weaker dependence in myopic eyes could be explained
by the fact that axial elongation primarily occurs later
during school age,47 when the number of ganglion cells
and nerve fibers is already fixed. The optical magnifi-
cation effect may predominate in myopic eyes, result-
ing in the observed strong dependence of OCT and
OCTA parameters on AL and axial refractive error. In
contrast, anatomic variation and optical magnification
effect may largely cancel in hyperopic eyes, explaining
the weak dependence of OCT and OCTA parameters
on AL and axial refractive error.

The decision to use broken stick regression models
that separates the analyses of hyperopic and myopic
eyes was based on the observation that hyperopic
eyes did not exhibit significant associations between
apparent (no magnification correction) NFLT, NFLP,

and GCCT with refractive error, in contrast with
myopic eyes, which showed a strong association. This
is in agreement with previous reports that studied
NFLT.35,48 The significant difference in slopes between
the myopic and hyperopic segments in the broken stick
models of NFLT versus SE and NFLP-CD versus SE
further justified the model. Furthermore, broken stick
models exhibit a significantly better fit of the data (P
< 0.001) compared to the unsegmented models. This
advantage was found for all parameters.

Using the broken stick regression models, we found
that both AL- and SE-based adjustments on NFLT,
NFLP-CD, and GCCT can reduce the elevated false
positive rates seen inmyopic eyes. This is expected given
that AL and SE are highly correlated, and both are
reasonable measures of axial ametropia and associ-
ated magnification effect. Although we must remem-
ber that AL and SE can be dissociated surgically in
patients after cataract and keratorefractive surgeries,
these patients were not included in this study.

NFLP-CD, the angiographic counterpart to NFLT
in the peripapillary region, demonstrated similar
associations to measures of axial ametropia, albeit to
a lesser extent. Compared to NFLT, which is analyzed
over a circular scan, NFLP-CD is calculated from
the summation of the overall percentage area repre-
senting microvasculature within the entire scan area—
exhibiting a lower dependence on radius.18,49 Again,
the magnification effect is likely the main contributing
factor to the elevated false positive rates seen in the
myopia subgroups compared to that of emmetropia.
Consequently, OCT and OCTA studies conducted
without magnification correction while hypothesizing
that the nerve fiber thinning or vessel density decrease
is due to excessive elongation of the eyeball in myopia
should be interpreted with caution.5,26,50

Compared to peripapillary parameters, macular
parameters are less dependent on AL. We found
that a 1-mm increase in AL resulted in an average
decrease of 1.00% (0.97 μm) in GCCT compared
to 2.50% (2.57 μm) in NFLT. Similarly, in a study
of 74 participants without magnification correction,
Takeyama et al. noted thatGCCTdecreased by 1.62 μm
for each 1-mm increase in AL.16 This smaller AL
dependence can be explained by the macular anatomy:
the ganglion cell complex becomes thinner in the
superior, inferior, and temporal directions as it
traverses further from the center. But in the nasal
direction, GCCT increases as one travels further from
the foveal center and moves toward the optic disc,
where the nerve fiber layer becomes very thick.51
These trends partially cancel each other. Empirically,
the results show that GCCT still has small inverse
dependence on AL, but the SVC-VD has no significant
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dependence. Therefore, the macular SVC-VD may be
a more reliable and unbiased measurement to assess
highly myopic eyes without any AL or SE compen-
sation. Even considering a potential magnification
effect, a larger scan area in the macular region of a
myopic eye will include vessels denser in the nasal
region and sparser in the temporal—likely balancing
out the overall VD. However, a recent study by Yang
et al. found that SVC-VD decreased with increasing
AL based on univariable analysis.52 We found a similar
relationship in our univariable analysis, but this associ-
ation disappeared when including age, sex, and signal
strength index in a more robust multivariable regres-
sion analysis—agreeing with other studies.24–26 Taken
all together, these observations suggest that the small
effect of AL on SVC-VD may be primarily mediated
by lower signal strengths in longer eyes.

We included DD in our study because it (appar-
ent optic disc size as measured by OCT) is a surro-
gate measure for magnification obtained from OCT or
OCTA scans of the disc without additional measure-
ments or data entry. Smaller DD indicates either a
lower transverse magnification (associated with axial
myopia) or a physically smaller disc, which bias toward
lower NFLT measurement in an otherwise normal eye.
Thus, it is a reasonable basis for adjusting the norma-
tive range for NFLT and other OCT/OCTA diagnostic
parameters. We found that decreased DD was associ-
ated with thinner NFLT and GCCT and lower NFLP-
CD, in agreement with other studies.50,53–57 Neverthe-
less, DD-based adjustment of OCT/OCTA diagnostic
parameters did not significantly improve the high false
positive rate in myopic eyes. There are several possible
explanations for this lack of efficacy. First, a decrease
in DD due to a low magnification versus an actual
smaller disc has different effects on NFLT and other
OCT/OCTA parameters. So, DD may inappropriately
conflate these two types of effects. Second, there is
much random variation (scatter) in DD unrelated
to AL variation. Third, disc tilt—often exaggerated
in high myopes—may affect OCT measurements.58,59
Although the Optovue software measures DD in
the Bruch’s membrane opening plane, this may not
altogether remove the effect of tilt on DD and NFLT
measurements.60 All of these factors may introduce
noise and bias when DD is used as a basis of regres-
sion adjustment, making it less effective.

Besides AL and SE, other factors, such as age, SSI,
and sex, should be adjusted in OCT/OCTA diagnostic
parameters. Our regression models for NFLT, NFLP-
CD, and GCCT agree with the majority of previ-
ous studies that have reported older age being associ-
ated with lower diagnostic parameters.53,61–67 Some
studies failed to find this association, possibly due

to study populations with younger and narrower age
ranges.4,5 We found that male sex was associated with
lower NFLT, NFLP-CD, and SVC-VD but not for
GCCT. Some reports agreed with our findings.66,67
Other studies failed to find a significant association
betweenNFLTand sex, probably due to smaller sample
sizes.5,53 Overall, our results support the use of age-
and sex-adjusted (or stratified) normative data for the
diagnostic classification of OCT and OCTA parame-
ters. For OCTA parameters, SSI showed amore promi-
nent effect than demographic variables and even AL
or SE. A higher SSI is associated with a higher vessel
and capillary density, an effect also reported in previ-
ous studies.66,68,69 The effect of SSI is due to the depen-
dence of flow signal on OCT signal strength, and this
bias can be removed by improving the measurement
algorithm.70 Ultimately, adjustment for SSI is crucial
forNFLP-CDand SVC-VDvalues provided by current
commercial OCTA systems.

There are several limitations of note in this study.
The diagnostic parameters in this study are based on
the mean of the entire scan, and sector analysis was
not performed. Refractive error is known to affect the
NFLT sector distribution,4,14,15 and we plan to analyze
how this may affect the sector distribution of OCTA
parameters in the future. Some statistical tests (Pearson
correlation coefficients, chi-square tests, andMcNemar
tests) used in this study do not consider the poten-
tial bias from clustering within participants. To address
this, these statistical methods were repeated using a
random single-eye subset to ensure that the results and
conclusions do not differ significantly from the current
dataset including both eyes.

In conclusion, this population-based study uses
regression-based strategies to adjust for confound-
ing variables in diagnostic imaging parameters and
demonstrate the utility of reducing false positive rates.
Age, sex, SSI, and axial ametropia (as measured by
either SE or AL) affect the measurements of NFLT,
GCCT, NFLP-CD, and SVC-VD. These effects require
compensation to avoid a frequent false-positive classi-
fication of abnormality. We anticipate a beneficial
impact on clinical decision making with the adoption
of these adjustments into commercial OCT systems.
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