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A multicenter cross-sectional study was conducted to investigate the magnification-corrected 
association between fovea-disc distance (FDD) and optical coherence tomography (OCT)-measured 
macular retinal layer thickness in eyes with and without primary open-angle glaucoma (POAG). A 
12.0 × 9.0-mm-wide swept-source OCT scan, which includes both the macula and optic disc, was 
performed in 190 eyes from 124 healthy subjects (normal group) and 149 eyes from 117 POAG patients 
(POAG group). The FDD and thickness of the macular retinal nerve fiber layer (mRNFL), ganglion cell 
inner plexiform layer (GCIPL), and outer retina (OR, total retina minus (mRNFL plus GCIPL)) were 
measured and corrected for magnification effects. The mixed-effects models, accounting for potential 
confounding factors, revealed two significant associations between a longer FDD and retinal layer 
thickness: thinner mRNFL in the normal group (coefficients, -3.14, 95% confidence intervals (CI), -4.75 
to -1.53; p = 0.0001) and thinner GCIPL in the POAG group (coefficients, -4.26; 95% CI, -6.85 to -1.67; 
p = 0.0013). The association between FDD and macular retinal layer thickness varies by retinal layer and 
the presence of POAG. FDD can significantly affect OCT-determined macular retinal layer thickness, 
especially GCIPL in POAG eyes and mRNFL in normal eyes.

Myopia is a risk factor for glaucoma1. Structural deformity in the optic disc, including changes in size, ovality, 
or torsion due to axial elongation, may mimic glaucomatous optic neuropathy (GON) or increase susceptibility 
to GON2,3. Stretching of the posterior fundus by axial elongation may change the fovea–disc relationship. Two 
parameters that describe the fovea-disc relationship are fovea-disc distance (FDD) and fovea-disc angle (FDA) 
(the angle between the line connecting the fovea and the optic disc center and the horizontal reference line). A 
significant relationship between FDD and spherical equivalent (SE)4 or axial length (AXL)5–7 has been reported: 
A longer FDD is associated with myopic SE4, a longer AXL5,6 or a shorter estimated AXL7. Regarding the clinical 
significance of FDD in glaucoma management, longer FDD was associated with changes in surrogate parameters 
of glaucomatous damage such as a smaller rim area8 or thinner circumpapillary retinal nerve fiber layer (cpRNFL) 
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in normal eyes9. Longer FDD was associated with the false-positive classification of glaucoma diagnosis in the 
thickness assessment of the macular inner retinal layers by optical coherence tomography (OCT)10. Central 
visual field (VF) involvement was related to shorter FDD in patients with normal tension glaucoma and mild 
VF defects11. Conversely, larger FDD was associated with visual acuity loss in glaucoma patients with myopia12.

Although measuring the thickness of the inner retinal layer using OCT is crucial for diagnosing and 
monitoring glaucoma progression13, few studies have addressed the association between FDD and inner retinal 
layer thickness in the macula; these studies have been limited to healthy subjects and have not provided any 
findings in patients with glaucoma. Larger FDD was significantly associated with thinner inner retinal layers in 
the macula of normal eyes in a multivariate analysis adjusting for confounding factors related to macular retinal 
thickness (age14–17, sex14–17, VF mean deviation (MD), AXL14–17, cpRNFL thickness16,17, and image quality16) 
and those with FDD (FDA4 and optic disc area5)10,18. However, other potential confounders were not considered 
in the previous studies. These include optic disc torsion19 and the retinal artery angle (the angle between the 
supratemporal and infratemporal major retinal arteries)20 for macular retinal layer thickness and ovality index 
for FDD21. Furthermore, previous studies did not consider the magnification effects on OCT scan areas, which 
can lead to artificial thinning of the measured thickness of macular inner retinal layers22.

This study investigated the magnification-corrected association between FDD and OCT-measured macular 
retinal layer thickness in normal and primary open-angle glaucoma (POAG) eyes accounting for all possible 
confounding factors4,5,14–21. Furthermore, we investigated whether the relationship between FDD and the 
macular retinal layer thickness varied based on the presence of POAG.

Results
Characteristics of the normal and POAG groups
Data from 190 eyes of 124 healthy subjects and 149 eyes of 117 patients with POAG were included in this study. 
The demographics and fundus parameters of the normal and POAG groups are shown in Table 1. FDD was 
significantly longer in POAG eyes than in normal eyes (4.95 ± 0.39  mm vs. 4.78 ± 0.38  mm, p = 0.0005). The 
difference was significant after the Bonferroni correction. There were no significant differences in age or AXL 
between the two groups (p = 0.07, 0.10, respectively). Besides variables related to GON (i.e., MD and thickness of 
cpRNFL, macular RNFL and GCIPL), there were no factors that had significant Bonferroni-corrected p-values 
for the difference between the two groups. The intra-observer reproducibility (ICC) of FDD, disc area, ovality 
index, torsion angle, FDA, and retinal artery angle were 0.986, 0.987, 0.883, 0.896, 0.984, and 0.995, respectively. 
The inter-observer reproducibility (ICC) of FDD, disc area, ovality index, torsion angle, FDA, and retinal artery 
angle were 0.989, 0.994, 0.890, 0.819, 0.981, and 0.998, respectively.

Variables Normal (190 eyes of 124 participants) Glaucoma (149 eyes of 117 patients) P values*

Age (years) 48.9 ± 9.6 (30–71) 51.6 ± 9.7 (31–70) 0.07

Male/female 57/67 41/76 0.11

Right eye/left eye 89/101 79/70 0.26

Visual acuity (logMAR) – 0.10 ± 0.08 (– 0.18–0.30) – 0.07 ± 0.09 (– 0.30–0.15) 0.024

MD (dB) – 0.22 ± 1.14 (– 3.48–2.29) – 4.90 ± 3.39 (– 11.81–2.28) < 0.0001*

Spherical equivalent (diopter) – 3.8 ± 2.3 (– 9.1–1.0) – 4.4 ± 2.9 (– 10.8–0.6) 0.016

Axial length (mm) 25.0 ± 1.2 (22.2–27.4) 25.2 ± 1.3 (22.4–27.5) 0.10

Corneal radius (mm) 7.7 ± 0.2 (7.0–8.3) 7.7 ± 0.3 (7.1–8.5) 0.92

Intraocular pressure (mmHg) 14.0 ± 2.3 (8–20) 13.6 ± 2.5 (9–22) 0.60

Fovea-disc distance (mm) 4.78 ± 0.38 (3.93–5.76) 4.95 ± 0.39 (4.13–6.35) 0.0005*

Fovea-disc angle (degrees) 7.2 ± 3.6 (– 2.7–19.0) 8.0 ± 3.6 (– 3.4–20.9) 0.07

Ovality index 0.89 ± 0.12 (0.66–1.23) 0.86 ± 0.15 (0.56–1.37) 0.28

Torsion angle (degrees) – 6.3 ± 33.7 (– 88.4–88.8) 0.30 ± 33.0 (– 81.4–89.4) 0.08

Disc area (mm2) 2.03 ± 0.41 (1.20–3.79) 2.11 ± 0.53 (0.96–3.92) 0.07

Retinal artery angle (degree) 137.4 ± 20.1 (90–179) 130.6 ± 17.2 (98–176) 0.004

Average cpRNFL thickness (µm) 103.9 ± 8.4 (79.2–124.9) 79.6 ± 13.1 (40.1–118.9) < 0.0001*

Average macular RNFL thickness (µm) 41.3 ± 3.7 (27.2–52.7) 31.5 ± 4.4 (19.6–44.4) < 0.0001*

Average GCIPL thickness (µm) 64.3 ± 3.8 (53.8–76.0) 54.2 ± 5.9 (32.5–67.4) < 0.0001*

Average outer retinal thickness (µm) 166.1 ± 7.4 (148.7–183.7) 166.7 ± 9.1 (144.5–192.1) 0.34

Image Quality Score 61.2 ± 4.9 (45.9–71.3) 59.9 ± 6.3 (44.3–71.5) 0.051

Table 1.  Demographics and fundus parameters of normal participants and patients with glaucoma. 
Mean ± standard deviation (range). P values were derived from mixed-effects models accounting for 
correlation between fellow eyes in the same individuals for numerical variables and from the chi-squared test 
for categorical variables. Asterisks indicate p values < 0.05 after Bonferroni correction. logMAR logarithm of 
the minimal angle of resolution, MD mean deviation, cpRNFL circumpapillary retinal nerve fiber layer, GCIPL 
ganglion cell inner plexiform layer, GCC ganglion cell complex.
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The association between FDD and retinal layer thickness
Adjusted for all potential confounders in the multivariate analysis, a longer FDD was significantly associated with 
thinner mRNFL in the normal group (coefficients, -3.14; 95% confidence intervals (CI), -4.75 to -1.53, p = 0.0001) 
and thinner GCIPL in POAG group (coefficients, -4.26; 95% CI, -6.85 to -1.67; p = 0.0013) (Tables 2 and 3). 
According to the multivariate model, the GCIPL in eyes with POAG was thinner by 4.26 μm, corresponding to 
a 1 mm longer FDD (Table 3; Fig. 1). The p-values were significant after the Bonferroni correction. The effect 
of FDD on retinal layer thickness was compared between two groups as an interaction term between FDD and 
diagnosis (normal or POAG) in the multivariate analysis with all participants adjusted for all other variables. The 
difference in the coefficient of FDD between the two groups was significant for GCIPL thickness (p = 0.005), but 
not for mRNFL or OR (p = 0.70 and 0.53, respectively) (Table 4).

Other factors significantly associated with retinal layer thickness
In addition to FDD, various other factors showed a significant association with the thickness of the macular 
retinal layers in multivariate analysis of normal or POAG groups (Tables 2 and 3). In both groups, the thicker 
cpRNFL was significantly associated with thicker mRNFL (p < 0.001) and GCIPL (p < 0.001). In the normal 
group, smaller retinal artery angles and higher image quality scores were significantly associated with thicker 
mRNFL (p < 0.0001 for both). Males had significantly thicker OR than females (p = 0.0007). In the POAG group, 
a smaller disc area was significantly associated with thicker mRNFL (p = 0.0031). These p-values were significant 
after the Bonferroni correction.

Discussion
In the current study, the effects of FDD on macular retinal layer thickness differed between the eyes with and 
without POAG. In a multivariate analysis adjusted with all potential confounders, a significant association was 
found between longer FDD and thinner mRNFL in normal eyes. In contrast, longer FDD was significantly 
associated with thinner GCIPL in POAG eyes. Furthermore, the relationship between FDD and GCIPL was 
significantly different between normal and POAG groups. Accordingly, a connection between longer FDD and 
thinner GCIPL may be a specific finding related to glaucoma.

Previous studies demonstrated that longer FDD was significantly associated with thinner macular retinal 
layers including mRNFL and GCIPL in the eyes of normal subjects10,18. The discrepancy in GCIPL findings 

Variables

Macular RNFL GCIPL Outer retina

Coeff. [SE]
P value

Coeff. [SE]
P value

Coeff. [SE]
P value

FDD (mm) – 3.14 [0.82]
0.0001*

– 0.83 [0.60]
0.17

– 2.38 [0.08]
0.08

Age (year) 0.04 [0.18]
0.18

– 0.08 [0.03]
0.010

– 0.16 [0.06]
0.013

Sex (male) – 1.29 [0.54]
0.02

2.05 [0.55]
0.004

4.25 [1.25]
0.0007*

MD (dB) 0.13 (0.20)
0.50

0.07 [0.15]
0.63

– 0.02 [0.35]
0.96

Axial length (mm) 0.08 [0.29]
0.79

0.06 [0.26]
0.83

– 0.79 [0.57]
0.17

Corneal radius (mm) – 0.69 [1.22]
0.57

– 0.22 [1.13]
0.85

– 1.10 [2.45]
0.65

Intraocular pressure (mmHg) 0.12 [0.11]
0.26

– 0.10 [0.10]
0.35

– 0.29 [0.23]
0.20

Disc area (mm2) – 0.21 [0.53]
0.69

– 0.08 [0.36]
0.82

– 0.74 [0.82]
0.37

Ovality index – 2.44 [1.65]
0.14

– 1.89 [1.10]
0.08

– 2.93 [2.52]
0.25

Torsion angle (degree) 0.006 [0.005]
0.23

0.001 [0.003]
0.70

0.01 [0.007]
0.04

FDA (degree) – 0.03 [0.04]
0.45

– 0.005 [0.03]
0.83

0.02 [0.06]
0.74

Retinal artery angle (degree) – 0.05 [0.01]
< 0.0001*

0.004 [0.007]
0.56

0.01 [0.02]
0.42

Average cpRNFL thickness (µm) 0.14 (0.02)
< 0.0001*

0.10 [0.02]
< 0.0001*

0.03 [0.04]
0.53

Image quality score 0.16 [0.03]
< 0.0001*

0.03 [0.02]
0.21

0.05 [0.06]
0.34

Table 2.  Multivariate analysis of factors associated with macular retinal layer thickness in eyes of normal 
participants (190 eyes of 124 participants). P values were derived from mixed-effects models with all listed 
variables. Asterisks indicate p values < 0.05 after Bonferroni correction. cpRNFL circumpapillary retinal nerve 
fiber layer, GCIPL ganglion cell inner plexiform layer, Coeff. Coefficients, SE standard errors, FDD fovea-disc 
distance, MD mean deviation, FDA fovea-disc angle. Significant values are in bold.
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in normal eyes between our study and previous studies may be due to magnification correction, participant 
background, or confounding parameters for adjustments. It is well known that the actual size of OCT images is 
larger in eyes with longer AXL owing to magnification effects. Higashide et al. found that, without accounting 
for magnification, the mRNFL was thicker and the GCIPL was thinner in normal eyes with longer AXL22. 
However, the relationship became insignificant when magnification effects were corrected. The findings from 
magnification-uncorrected data may be explained by the relationship between the normal thickness profile of 
each retinal layer and the analytical area of OCT. For example, GCIPL has an annular-shaped thickest portion 
in the pericentral region15. The proportion of the GCIPL’s thick area to the total OCT analytical area reduces in 
eyes with longer AXL, leading to thinner GCIPL on average.

Regarding the significant association between FDD and mRNFL thickness found in the normal group in 
our study, we confirmed the results of Qiu et al.18 using the magnification-corrected data. AXL elongation may 
cause retinal stretching in the macula, along with FDD enlargement. The mechanical changes may explain the 
thinning of the mRNFL in normal eyes with longer FDD, considering the parallel trajectory of retinal nerve 
fibers in the macula to the measurement line of FDD. Similarly, the relationship between FDD and mRNFL 
thickness had a p-value of 0.019 in the POAG group, although it became insignificant after the Bonferroni 
correction. Furthermore, the difference in the coefficient of FDD between the two groups was negligible for 
mRNFL (Table 4). Thus, thinning of the mRNFL due to retinal stretching in eyes with longer FDD can occur 
regardless of the presence of POAG.

On the other hand, GCIPL was affected by enlargement of FDD in POAG eyes, but not in normal eyes. 
However, the reason why FDD-related macular GCIPL thinning occurs in glaucomatous eyes is currently 
unknown. According to the results of multivariate analysis, the significant relationship between GCIPL and 
FDD in POAG eyes was independent of the parameters related to the severity of GON, i.e., cpRNFL thickness 
or MD. Therefore, the susceptibility of the GCIPL to thinning caused by the elongation of FDD may be an 
inherent feature of POAG eyes. Given that FDD positively correlates with AXL5,6, scleral changes due to AXL 
elongation may cause retinal stretching in the macula, along with FDD enlargement. Axial elongation causes 
significant remodeling in the sclera that underlies the retina and choroid23. Differences in scleral microstructure 
between glaucomatous and non-glaucomatous donors have also been reported in the macular region24. These 
differences in scleral properties between myopic eyes with and without glaucoma may play a role in the different 
associations between FDD and macular inner retinal layer thickness.

Variables

Macular RNFL GCIPL Outer retina

Coeff. [SE]
P value

Coeff. [SE]
P value

Coeff. [SE]
P value

FDD (mm) – 2.31 [0.99]
0.019

– 4.26 [1.32]
0.0013*

– 5.30 [2.13]
0.013

Age (year) 0.03 [0.03]
0.34

– 0.04 [0.04]
0.33

– 0.22 [0.09]
0.009

Sex (Male) 0.67 [0.63]
0.29

1.79 [0.85]
0.04

4.59 [1.74]
0.008

MD (dB) 0.09 [0.08]
0.31

0.27 [0.11]
0.019

0.04 [0.14]
0.79

Axial length (mm) – 0.12 [0.32]
0.70

– 0.20 [0.43]
0.64

0.66 [0.81]
0.41

Corneal radius (mm) 0.29 [1.22]
0.81

1.93 [1.64]
0.24

– 2.81 [3.07]
0.36

Intraocular pressure (mmHg) 0.07 [0.12]
0.54

0.16 [0.16]
0.31

– 0.05 [0.27]
0.86

Disc area (mm2) – 1.81 [0.61]
0.0031*

– 1.53 [0.81]
0.06

2.09 [1.22]
0.09

Ovality index 3.53 [2.28]
0.12

– 1.21 [3.01]
0.69

– 0.62 [4.32]
0.89

Torsion angle (degree) 0.002 [0.008]
0.78

0.03 [0.01]
0.006

– 0.008 [0.01]
0.53

FDA (degree) – 0.08 [0.07]
0.25

– 0.12 [0.09]
0.16

0.01 [0.09]
0.90

Retinal artery angle (degree) – 0.005 [0.02]
0.75

0.0009 [0.02]
0.97

– 0.02 [0.03]
0.52

Average cpRNFL thickness (µm) 0.25 [0.02]
<0.0001*

0.31 [0.03]
< 0.0001*

– 0.06 [0.05]
0.21

Image quality score 0.08 [0.05]
0.07

0.04 [0.06]
0.45

0.03 [0.09]
0.70

Table 3.  Multivariate analysis of factors associated with macular retinal layer thickness in eyes with primary 
open-angle glaucoma (149 eyes of 117 patients). P values were derived from mixed-effects models with all 
listed variables. Asterisks indicate p values < 0.05 after Bonferroni correction. cpRNFL circumpapillary retinal 
nerve fiber layer, GCIPL ganglion cell inner plexiform layer, Coeff. Coefficients, SE standard errors, FDD fovea-
disc distance, MD mean deviation, FDA fovea-disc angle. Significant values are in bold.
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Other variables were also associated with macular layer thickness. Male sex was significantly associated 
with thicker OR in normal eyes. The results were consistent with a previous study involving healthy Japanese 
participants15. The study reported that the inner nuclear layer, outer plexiform layer, and outer nuclear layer 
were significantly thicker in men than in women. Smaller retinal artery angles were significantly associated 
with thicker mRNFL in normal eyes. The result confirms previous findings that RNFL thickness increases when 
retinal arteries shift toward the fovea25. A higher image quality score was associated with thicker GCIPL in an 
earlier study using the Cirrus spectral-domain OCT26. In the current study using a swept-source OCT, image 
quality scores were significantly associated with mRNFL thickness in normal groups, indicating an advantage of 
GCIPL over mRNFL as a clinically more convenient marker.

This study had several limitations. As the majority of the participants were Asian, these findings may not 
be generalizable to other races. Given the upper limit of AXL to 28 mm, the results may not be applicable to 
eyes with AXL > 28 mm. However, it was expected to be difficult to enroll eyes with AXL > 28 mm without any 
possible structural abnormalities related to pathologic myopia27. The FDD in this study is a two-dimensional 
parameter that cannot account for the depth in the Z-axis between the fovea and the optic disc center. The 
true FDD would be longer in eyes with a posteriorly protruded fundus than in those with a flat fundus, even 
if the two-dimensional FDD was the same. Kim et al. reported that the mean depth of the deepest point in the 
fundus relative to the temporal disc margin was 0.17 ± 0.16 mm using a three-dimensional volumetric scan of 
swept source OCT in eyes with myopic glaucoma (AXL, 26.2 ± 1.3 mm)28. Assuming a two-dimensional FDD of 
5.0 mm and a depth of 0.2 mm at the fovea relative to the disc center, the difference between the two- and three-
dimensional FDD would be less than 0.1%, suggesting that two-dimensional FDD is a reasonable approximation 
of true FDD in the current subjects. Most previous studies have employed the optic disc center in the fundus 

Fig. 1.  Comparison of magnification-corrected fundus images between POAG eyes with long and short 
FDD. Representative POAG eyes with long (a, b) and short (c, d) FDD. (a, c) En-face OCT images, corrected 
for magnification, displaying defects in the inferior arcuate retinal nerve fiber layer. Both eyes exhibited a 
comparable level of glaucomatous optic neuropathy based on MD and cpRNFL thickness measurements. (b, 
d) The shadowgram OCT images of a and c, respectively. A 6.0 mm x 6.0 mm square map of GCIPL thickness 
is overlaid on the image. GCIPL thickness was thinner by 4 μm in the eye with a longer FDD (b) compared 
to the eye with a shorter FDD (d), corresponding to the 1 mm difference in FDD. POAG primary open-angle 
glaucoma, FDD fovea-disc distance, MD mean deviation, cpRNFL circumpapillary retinal nerve fiber layer, 
GCIPL ganglion cell inner plexiform layer.
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photograph as one end of the FDD, and the present study utilized the previous described method to measure 
FDD4–12,18 to compare the obtained results to the previous one under the same conditions.

In conclusion, the association between FDD and macular retinal layer thickness varies according to the 
retinal layer and the presence of glaucoma. Notably, the relationship between thinner GCIPL and longer FDD 
was only observed in POAG eyes, and the effect of FDD on GCIPL thickness was significantly different between 
normal and POAG eyes. FDD was the only significant factor associated with GCIPL thickness other than 
parameters for GON, i.e., cpRNFL thickness and MD, in the multivariate analysis. Given that GCIPL thickness 
is a representative OCT parameter for glaucoma diagnosis, further investigation is needed to determine if 
adjusting with FDD improves the diagnostic accuracy of magnification-corrected GCIPL thickness. FDD should 
be considered a confounding factor to be adjusted for OCT measurements of macular retinal layer thickness, 
especially for GCIPL in eyes with glaucoma.

Methods
Study participants
The Topcon Myopia Study, a multicenter cross-sectional study, was conducted at eight study sites: five in Japan, 
one each in the USA, Korea, and China (Kanazawa University, Osaka University, Tajimi Iwase Eye Clinic, Toho 
University Ohashi Medical Center, Tohoku University, Seoul National University Bundang Hospital, University 
of California, San Diego, and University of Hong Kong)29–31. The study adhered to the tenets of the Declaration 
of Helsinki and was approved by the institutional review board of Kanto Central Hospital (R1-06-005). Written 
informed consent was obtained from all the participants.

Emmetropic and myopic participants in the normal and POAG groups were recruited and refraction (ARK-
900; NIDEK, Aichi, Japan), best-corrected visual acuity (BCVA), and AXL (IOL Master; Carl Zeiss Meditec 
Inc., Dublin, CA, USA) were measured. Slit-lamp examination, intraocular pressure (IOP) measurements 
using a Goldmann applanation tonometer, and visual field testing with a Humphrey Field Analyzer (HVF) 
24 − 2 Swedish Interactive Threshold Algorithm Standard program (Carl Zeiss Meditec, Inc.) were conducted. 
Following pupil dilation, fundoscopy, fundus photography (including stereo photographs), and swept-source 
OCT scans (DRI OCT Triton; Topcon Corp., Tokyo, Japan) were performed.

The subjects in the normal group had non-glaucomatous optic disc appearance and normal HVF 
results [normal or borderline glaucoma hemifield test (GHT) and pattern standard deviation (PSD) ≥ 1%], 
astigmatism < 2D, IOP ≤ 21 mmHg, and best corrected visual acuity ≥ 0.7 in both eyes and no family history 
of glaucoma. Optic disc appearance was assessed using stereo fundus photographs by experts in glaucoma or 
myopia (MA, AI, GT, and KOM). The inclusion criteria for POAG group were as follows: glaucomatous optic disc 
appearance, abnormal HVF results (abnormal GHT, PSD < 5% and/or a cluster of 3 points with a probability < 5% 
on a pattern deviation map in at least one hemifield and including at least 1 point with a probability < 1%), MD 
> -12.0 dB and IOP < 21 mmHg at the visit for OCT examination. The exclusion criteria were subjects with a 
narrow angle (Schaffer grade ≤ 2), unreliable HVF (fixation loss ≥ 20% or false positive rate ≥ 15%) results, low-
quality OCT images (image quality score ≤ 40 or significant artifacts), history of intraocular or refractive surgery, 
AXL > 28 mm, or ocular disease (i.e., pathologic myopia, clinically significant cataract, diabetic retinopathy, age-
related macular degeneration, epiretinal membrane, optic nerve, or retinal abnormality) in either eye or systemic 
disease (i.e., systemic use of steroids or anticancer drugs, clinically significant hyper-or hypotension). Types of 
glaucoma other than POAG were excluded. Both eyes were included when they were eligible.

Swept-source OCT measurements
Two types of raster scans, one for both the macula and optic disc (12.0 × 9.0-mm) and the other for the optic 
disc (6.0 × 6.0-mm), were performed. Three images of each OCT scan type were acquired, and the data with the 
best quality were selected by meticulous inspection by four experienced investigators (GT, AM, TH, and TK). 

Macular RNFL GCIPL Outer retina

Coeff. [SE]
P value

Coeff. [SE]
P value

Coeff. [SE]
P value

FDD (Normal) – 2.94 [0.84]
0.0004

– 1.11 [0.91]
0.22

– 2.52 [1.34]
0.06

FDD (Glaucoma) – 3.34 [0.91]
0.0003

– 4.23 [1.00]
< 0.0001

– 3.75 [1.72]
0.03

P value (Normal vs. Glaucoma) 0.70 0.005 0.53

Table 4.  Differences in coefficients of fovea-disc distance for the association with macular retina layer 
thickness between normal and glaucomatous eyes (339 eyes of 241 patients). A multivariate mixed-effects 
model accounting for correlation between fellow eyes in the same individuals was created for each macular 
retinal layer with explanatory variables including FDD, age, sex, MD, axial length, optic disc area, ovality 
index, optic disc torsion, FDA, retinal artery angle, cpRNFL thickness, and OCT image quality scores, and 
an interaction term between diagnosis (normal or glaucoma) and FDD. Only the coefficients for FDD for 
each group and the interaction term between diagnosis and FDD are shown in the table. RNFL retinal nerve 
fiber layer, GCIPL ganglion cell inner plexiform layer, Coeff. Coefficients, SE standard errors, FDD fovea-disc 
distance, MD mean deviation, FDA fovea-disc angle, cpRNFL circumpapillary RNFL. Significant values are in 
bold.
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The errors in automated retinal layer segmentation32 by the built-in software have been corrected as necessary, 
including the location of Bruch’s membrane opening. Thickness data of three retinal layers, i.e., macular RNFL 
(mRNFL), ganglion cell inner plexiform layer (GCIPL), and total retina, in a 6.0 × 6.0 mm square area centered 
on the fovea were obtained from the best macular OCT scan. The average thickness of the mRNFL, GCIPL, 
and outer retina (OR, i.e., total retina minus (mRNFL plus GCIPL)) was determined. The cpRNFL thickness 
was measured along a 3.4 mm diameter circle from the center of the Bruch’s membrane opening-based optic 
disc using the best OCT scan of the optic disc. The FDD (distance between the fovea and the centroid of the 
ellipse-fitted disc contour), FDA (deviation of the fovea-disc center axis from the horizontal reference line), 
and parameters of the optic disc [disc area, ovality index (short axis of the ellipse-fitted disc contour/long axis), 
and torsion angle (deviation of the long axis of the ellipse-fitted disc contour from the reference line vertical to 
the fovea-disc center axis)] were measured on a shadowgram OCT image of the best macular OCT scan using 
ImageJ (ver. 1.53t August 24, 2022) by an experienced examiner (SU). The shadowgram is an en-face method for 
obtaining high-contrast images of light-blocking objects such as blood vessels and the optic disc in raster OCT 
scans33. This technique helps identify the position of the fovea and the clinical optic disc margin using OCT 
images (Fig. 2). The optic disc contour was determined using the ellipse-fitting function of the ImageJ software. 
The retinal artery angle, that is, the angle between the supratemporal and infratemporal major retinal arteries, 
was measured at a 3.4 mm circumpapillary circle centered on the optic disc on fundus photographs using custom 
software, which was reported to be highly correlated with the peak angles of cpRNFL thickness25. Magnification 
effects were corrected for OCT images, FDD, and disc area based on the method using refractive error, corneal 
radius, AXL, and lay-tracing method developed for Topcon fundus camera34,35. The details of magnification 
correction are described in a previous study35.

Fig. 2.  Parameters measured in shadowgram images of optical coherence tomography. The FDD (distance 
between the fovea and the centroid of ellipse-fitted disc contour), FDA (deviation of the FDD line from the 
horizontal reference line), and parameters of the optic disc [ellipse-fitted disc area, ovality index (short axis of 
the ellipse-fitted disc contour/long axis), and torsion angle (deviation of the long axis of the ellipse-fitted disc 
contour from the reference line vertical to the fovea-disc center axis)] were measured on shadowgram images 
of optical coherence tomography using ImageJ (ver. 1.53t 24 August 2022). FDD fovea-disc distance, FDA 
fovea-disc angle.
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Statistical analysis
Linear mixed-effects models were used in all association analyses to account for possible correlations between 
fellow eyes, both of which were included, if eligible. The relationship between FDD and macular retinal layers 
(mRNFL, GCIPL, and OR) was examined using multivariate models for the normal or POAG groups adjusting 
for all possible confounders: age, sex, MD, AXL, corneal radius, IOP, disc area, ovality index, torsion angle, FDA, 
retinal artery angle, average cpRNFL thickness, and OCT image quality scores. According to the correlation 
matrix of coefficients between variables, there was a high correlation between AXL and SE in the normal (r = 
-0.77) and POAG groups (r = 0.78). Therefore, SE was not included in the multivariate models that included 
AXL and corneal radius, which have the most significant influence on SE. An additional analysis was performed 
for all participants, where an interaction term between FDD and diagnosis (normal or POAG) was added to 
the multivariate model adjusted for all other variables to test whether the association between FDD and each 
macular retinal layer thickness differed by diagnosis.

The intra- and inter-observer reproducibility of manual measurements of FDD, disc area, ovality index, torsion 
angle, FDA, and retinal artery angle were determined using intraclass correlation coefficients. Two examiners 
(TH and SU) measured the parameters using OCT and fundus photographic images from 30 randomly selected 
participants.

All statistical analyses were performed using STATA software (version 17.0, StataCorp, College City, TX, 
USA). P-values < 0.05 were considered significant. However, Bonferroni-corrected p-values < 0.05 were deemed 
significant, accounting for multiple p-values (Tables 1, 2 and 3).

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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