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Birefringence‑derived scleral 
artifacts in optical coherence 
tomography images of eyes 
with pathologic myopia
Masahiro Miura1*, Shuichi Makita2, Yoshiaki Yasuno2, Atsuya Miki3, Rei Nemoto1, 
Hiroyuki Shimizu1, Shinnosuke Azuma4, Toshihiro Mino4 & Tatsuo Yamaguchi4

We investigated birefringence‑derived scleral artifacts in optical coherence tomography (OCT) 
images of eyes with pathologic myopia. This study included 76 eyes of 42 patients with pathologic 
myopia. Five sets of OCT B‑scan images of the macula were obtained using commercial swept‑source 
OCT. A dataset of prototype swept‑source polarization‑diversity OCT images was used to identify 
polarization‑dependent OCT images (i.e., complex averaging of OCT signals from two polarization 
channels) and polarization‑independent OCT images (i.e., intensity averaging of two OCT signals). 
Polarization‑dependent OCT images and commercial OCT images were assessed for the presence 
of birefringence‑derived artifacts by comparison with polarization‑independent OCT images. Both 
polarization‑dependent OCT images and commercial OCT images contained scleral vessel artifacts. 
Scleral vessel artifacts were present in 46 of 76 eyes (60.5%) imaged by polarization‑dependent OCT 
and 17 of 76 eyes (22.4%) imaged by commercial OCT. The proportion of images that showed scleral 
vessel artifacts was significantly greater among polarization‑dependent OCT images than among 
commercial OCT images (P < 0.001). Additionally, polarization‑dependent OCT images showed 
low‑intensity band artifacts. This study demonstrated the existence of birefringence‑derived scleral 
artifacts in commercial OCT images and indicated that polarization‑diversity OCT is an effective tool to 
evaluate the presence of these artifacts.

The sclera is a fibrous connective tissue that consists of anisotropically arranged collagen  lamellae1,2. The sclera 
provides a strong framework to protect the contents of the eye from external trauma and intraocular pressure-
induced  distension2. Previous studies have shown that the sclera is involved in the development of ocular diseases 
such as pathologic myopia and  glaucoma2–4. Therefore, clinical evaluations of scleral structure are necessary to 
identify its relationships with visual function.

Recent advances in optical coherence tomography (OCT) technology have enabled clinical evaluations of the 
human sclera in eyes with pathologic  myopia5–12. Observations of posterior scleral structure are generally easier 
in eyes with pathologic myopia than in healthy eyes because signal attenuation is reduced as choroidal thickness 
 decreases6. Clinical evaluations of scleral thickness and scleral vessels in eyes with pathologic myopia have been 
performed using swept-source OCT with a 1-µm wavelength  band5,6,9–12 or enhanced depth imaging involv-
ing spectral-domain OCT with an 850-nm wavelength  band7,8. These studies provided important information 
regarding pathologic myopia. Notably, possible associations of scleral thickness with pathologic myopia have 
been  reported9,12. Evaluations of scleral vessels were performed to identify ciliary artery variations in eyes with 
pathologic  myopia5,7,8,11 and explore the development of myopic choroidal  neovascularization10.

The sclera exhibits local birefringence because of dense collagen  lamellae13–15. This birefringence alters the 
polarization state of the incident light. In conventional OCT, the intensity of the OCT signal is altered because of 
the relative difference in polarization states between the incident light and the reference light during interferomet-
ric measurements. This alteration of OCT signals can cause artifacts (i.e., artifactual structures) in OCT images. 
The polarization-diversity detection technique, which is frequently used in polarization-sensitive  OCT16,17, can 
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remove these birefringence-derived  artifacts18–22. A previous polarization-sensitive OCT study revealed artifac-
tual linear structures that appeared to be scleral  vessels18. The presence of low-intensity band artifacts in OCT 
images of the sclera has also been  reported19,20. To our knowledge, available retinal commercial OCT systems 
are polarization-dependent; thus, birefringence-derived artifacts might exist in commercial OCT images of the 
 sclera20. These artifactual structures can easily be distinguished from real scleral structures using datasets of 
polarization-diversity OCT (PD-OCT)  images18–20.

The purposes of this study were to evaluate artifacts derived from scleral birefringence in eyes with patho-
logic myopia using PD-OCT and commercial OCT and to investigate the clinical significance of these scleral 
artifacts in OCT images.

Methods
This prospective, observational, cross-sectional study was performed using a protocol that adhered to the tenets 
of the Declaration of Helsinki. The study was approved by the Institutional Review Board of Tokyo Medical Uni-
versity (approval number: T2019-0072). The study was registered in the University Hospital Medical Information 
Network database (UMIN 000,039,650; http:// www. umin. ac. jp/ ctr/ index-j. htm). The nature of the study and the 
implications of participation were explained to all potential participants. Written informed consent was obtained 
from each participant before any study procedures or examinations were performed.

We examined 76 eyes of 42 patients (10 men, 32 women; age range, 23–82 years; mean age, 62.0 years) (Sup-
plementary Table S1) with pathologic myopia (axial length of ≥ 26.5 mm). Axial length was measured using an 
optical biometer (OA-2000; Tomey, Nagoya, Japan); the mean axial length was 29.0 mm (range, 26.5–32.4 mm). 
Lesions associated with pathologic myopia in this study were active myopic choroidal neovascularization (10 
eyes), myopic choroidal neovascularization in remission (24 eyes), macular retinoschisis with myopic choroi-
dal neovascularization in remission (1 eye), a history of macular hole surgery (1 eye), and macular hole before 
treatment (1 eye).

Commercial OCT measurement was performed using a DRI-OCT Triton system (Topcon Corp., Tokyo, 
Japan). This commercial OCT system is a polarization-dependent swept-source OCT device with a 1-μm wave-
length band. In this context, polarization-dependent means that the device captures only one of the two polari-
zation components of the probe beam; thus, it can be affected by birefringence-derived artifacts. The axial scan 
speed was 100,000 A-scans/s. The catalog-specified axial resolution was 8 μm in the tissue. Five sets of macular 
horizontal B-scans in five-line cross mode were used to collect images of the sclera (Fig. 1). The length of each 
B-scan was 6 mm, and the vertical interval between each set of B-scan images was 0.15 mm. Each B-scan image 
consisted of 1024 A-scans, and the depth range for each B-scan image was 2.6 mm in the tissue. Each B-scan 
image was constructed by averaging 16 consecutive B-scan images.

A detailed description of the prototype PD-OCT hardware was previously  published23. The PD-OCT system 
is a swept-source OCT device with a 1-μm wavelength band and polarization-diversity detection; it enables 
measurement of the polarization state of backscattered light from the eye. The axial scan speed was 100,000 
A-scans/s, and the depth range of each B-scan was 2.8 mm in the tissue. The axial resolution was measured as 

Figure 1.  Measurement area in a color fundus image of the right eye of a 50-year-old woman with pathologic 
myopia. Black lines indicate five sets of macular scan lines of commercial OCT. The white line indicates the 
measurement area of PD-OCT.

http://www.umin.ac.jp/ctr/index-j.htm
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6 μm in the tissue. This PD-OCT system used an OCT retinal scanner that was modified from DRI-OCT Atlantis 
(Topcon Corp.).

From the dataset of PD-OCT images, two types of scattering OCT images were constructed. The first set of 
images was constructed by complex averaging of OCT signals from two detection channels of the polarization 
diverse detector, which corresponded to two orthogonal polarization components of the detected light. The 
complex averaging process mimics the following physical process. The probe beam is split into polarization 
channels, which are combined in the form of the complex field, and this combined field is identical to the origi-
nal physical probe beam before splitting. Similarly, this combination process reconstructs the original reference 
beam. Because the complex averaged signal is the summation of these virtually reconstructed original probe and 
reference beams, it is identical to the standard OCT signal. Hence, the complex averaged OCT images exhibit 
birefringence-derived artifacts (polarization-dependent OCT images) similar to the artifacts present in single-
detector OCT images (i.e., images from conventional commercial OCT).

The second set of images was constructed by intensity averaging of the two OCT signals [Eq. (5) of Ref.23]. 
When the reference beam powers of the two channels are properly balanced, the intensity of the intensity-
averaging signal becomes proportional to the total power of the backscattered probe beam, regardless of the 
polarization state of the backscattered probe beam. The intensity-averaging signal is thus insensitive to the 
polarization state variation of the backscattered probe beam. Accordingly, the intensity-averaged OCT images 
are free of birefringence-derived artifacts (polarization-independent OCT images).

Volumetric scans were performed using a raster scanning protocol with 512 A-lines × 256 B-scans that covered 
a 6.0- × 6.0-mm region of the retina (Fig. 1). From a series of 256 B-scan images of PD-OCT images, PD-OCT 
images (polarization-dependent and -independent) were manually selected at locations that corresponded to 
five sets of commercial OCT images.

Birefringence-derived scleral artifacts in OCT images were then evaluated using PD-OCT images and com-
mercial OCT images. First, real scleral structures free of birefringence-derived artifacts were evaluated using 
polarization-independent OCT images. Second, birefringence-derived artifacts in polarization-dependent OCT 
images and commercial OCT images were evaluated by comparison with polarization-independent OCT images. 
Artifactual structures were classified as scleral vessel artifacts or low-intensity band artifacts. Scleral vessel 
artifacts were defined as artifactual linear low-intensity structures that coursed obliquely within the sclera. Low-
intensity band artifacts were defined as artifactual thick low-intensity bands that coursed parallel to the scleral 
curvature. Two ophthalmologists (M.M. and H.S.) subjectively evaluated real scleral structures in polarization-
independent OCT images, as well as artifactual structures in polarization-dependent OCT images and com-
mercial OCT images. Cases of disagreement concerning the subjective evaluations were resolved by consensus 
after discussion with a third ophthalmologist (R.N.). The reproducibility of all artifacts in commercial OCT was 
evaluated by comparison of two successively repeated measurements in the same measurement session.

To evaluate artifacts throughout the PD-OCT measurement area, a series of 256 PD-OCT B-scan images was 
thoroughly evaluated to identify such artifacts in polarization-dependent OCT images. Subsequently, en face 
distributions of artifactual structures were evaluated using an automatic segmentation method that was identical 
to the built-in software in a commercially available OCT device (DRI-OCT Triton). Each PD-OCT B-scan image 
was flattened with respect to Bruch’s membrane to generate a reference plane for en face display. En face displays 
of both polarization-independent OCT images and polarization-dependent OCT images were constructed in 
the same scleral plane to evaluate the en face distributions of artifactual structures.

Statistical analyses were performed with IBM SPSS Statistics for Windows, version 28.0 (IBM Corp., Armonk, 
NY, USA). Statistical significance was defined as P < 0.05.

Results
Evaluation of five sets of macular B-scan images revealed that real linear low-intensity structures were present in 
polarization-independent OCT images; such structures corresponded with previously described scleral vessels 
(Fig. 2)5,7,8,10,11. Along with real scleral vessels, scleral vessel artifacts were present in polarization-dependent OCT 
images and commercial OCT images (Figs. 3, 4, 5). Figure 3 shows a representative case in which scleral vessel 
artifacts were only present in polarization-dependent OCT images. Figures 4 and 5 show representative cases in 
which scleral vessel artifacts were present in both polarization-dependent OCT images and commercial OCT 
images. All scleral vessel artifacts in commercial OCT images were present in two repeated measurements (Figs. 4 
and 5). Table 1 shows the proportions of polarization-dependent OCT images and commercial OCT images 
that contained artifactual structures. The number of images that showed scleral vessel artifacts was significantly 
greater among polarization-dependent OCT images than among commercial OCT images (P < 0.001 for eyes 
and P < 0.001 for images, Pearson’s chi-squared test). Scleral vessel artifacts were observed in the same location 
in both commercial OCT images and polarization-dependent OCT images for 29 of 380 images (7.6%) (Fig. 4); 
they were observed in different locations in 34 of 380 images (8.9%) (Fig. 5). Along with scleral vessel artifacts, 
low-intensity band artifacts were present in polarization-dependent OCT images (Fig. 6, Table 1). In contrast, 
low-intensity band artifacts were not present in commercial OCT images. When evaluating the presence of arti-
facts in polarization-dependent OCT images and commercial OCT images, the kappa values for interobserver 
agreement were 0.97 (P < 0.001) and 0.95 (P < 0.001), respectively.

In polarization-independent OCT, real scleral vessels were observed in 51 of 76 eyes (67.1%) and 149 of 380 
B-scan images (39.2%). The mean number of real scleral vessels per image in polarization-independent OCT 
was 0.39 (standard deviation: 0.49, range: 0–1). The mean numbers of scleral vessels (including both real and 
artifactual structures) per image in polarization-dependent OCT and commercial OCT were 0.86 (standard 
deviation: 0.78, range: 0–3) and 0.56 (standard deviation: 0.62, range: 0–3), respectively. There were significantly 
fewer scleral vessels in polarization-independent OCT images than in polarization-dependent OCT images or 
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Figure 2.  Real scleral vessels without artifactual structures in PD-OCT images and commercial OCT images. 
The right eye of a 56-year-old woman with pathologic myopia is shown. White line in color fundus image 
(a) indicates the scan line for PD-OCT images and commercial OCT B-scan images (b–e). (b) Polarization-
independent OCT B-scan image (b) shows a real scleral vessel (white arrow). Polarization-dependent OCT 
B-scan image (c) and commercial OCT B-scan images from two repeated measurements (d, e) also show 
real scleral vessels (white arrows) without scleral vessel artifacts. The vertical lines in B-scan images (b–e) are 
artifacts by the reflection from a lens inside the OCT system coming into the images as coherent revival noise.

Figure 3.  Scleral vessel artifacts in a polarization-dependent OCT image. The right eye of a 66-year-old woman 
with pathologic myopia is shown. White line in color fundus image (a) indicates the scan line for PD-OCT 
images and commercial OCT B-scan images (b–e). Polarization-dependent OCT B-scan image (c) shows scleral 
vessel artifacts (red arrows). No scleral vessel artifacts are present in a polarization-independent OCT B-scan 
image (b) or in two repeated commercial OCT B-scan images (d, e).
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commercial OCT images (P < 0.001 for polarization-dependent OCT and P = 0.007 for commercial OCT, Fried-
man and Bonferroni post hoc test). There were significantly fewer scleral vessels in commercial OCT images than 
in polarization-dependent OCT images (P < 0.001, Friedman and Bonferroni post hoc test). When evaluating 
the number of real scleral vessels in polarization-independent OCT images, as well as the total numbers of real 
and scleral vessel artifacts in polarization-dependent OCT images and commercial OCT images, the weighted 
kappa values for interobserver agreement were 0.84 (P < 0.001), 0.98 (P < 0.001), and 0.94 (P < 0.001), respectively.

A comprehensive evaluation of the 256 PD-OCT B-scan images revealed that artifactual structures in polari-
zation-dependent OCT B-scan images were present somewhere in the measurement area in all 76 eyes. Figure 7 
shows en face scleral images of PD-OCT. The en face distribution of real scleral vessels could be detected in en 
face polarization-independent OCT images of areas within the shadows of choroidal  structures24. The en face 
distribution of birefringence-derived artifacts could easily be identified as low-intensity areas in polarization-
dependent OCT images. Artifactual structures were distributed throughout the measurement area.

Discussion
There is increasing interest in analyses of pathologic myopia with respect to OCT images of scleral  structure5–12. 
In this study, scleral vessel artifacts were identified in both polarization-dependent OCT images and commercial 
OCT images. Polarization-dependent OCT images showed scleral vessel artifacts in 46 of 76 eyes (60.5%), while 
commercial OCT images showed scleral vessel artifacts in 17 of 76 eyes (22.4%). The proportion of images that 
showed scleral vessel artifacts was significantly smaller among commercial OCT images than among polarization-
dependent OCT images; however, the proportion of commercial OCT images that showed scleral vessel artifacts 
was not negligible. The presence of scleral vessels might be overestimated because of such artifacts. Additionally, 
low-intensity band artifacts were identified in polarization-dependent OCT images.

This study revealed considerable diversity in the patterns and locations of birefringence-derived artifacts. 
The directions of the scleral vessel artifacts also varied considerably. Furthermore, polarization-dependent OCT 
images showed low-intensity band artifacts. Structural birefringence in the sclera is associated with collagen fibril 
thickness, diameter, and  orientation14,15,25. The orientation of collagen fibrils in the posterior human sclera is 
highly anisotropic and substantially varies throughout the  tissue1,26; scleral collagen fibrils demonstrate consider-
able variation in terms of diameter and  density1,27. Cross-sectional analysis has revealed that the myopic sclera 
demonstrates greater variation in terms of collagen fibril diameter, as well as an increased amount of unusual 
star-shaped  fibrils2. These complex characteristics of scleral collagen fibrils in eyes with pathologic myopia might 
lead to a heterogeneous composition of birefringence-derived artifacts.

Figure 4.  Scleral vessel artifacts in polarization-dependent OCT images and commercial OCT images in the 
same locations. The right eye of a 38-year-old woman with pathologic myopia is shown. White line in color 
fundus image (a) indicates the scan line for PD-OCT images and commercial OCT B-scan images (b–e). 
Polarization-independent OCT B-scan image (b) shows a real scleral vessel (white arrow). Polarization-
dependent OCT B-scan image (c) and two repeated commercial OCT B-scan images (d, e) also show real scleral 
vessels (white arrows). Along with the real scleral vessel, polarization-dependent OCT B-scan image (c) shows 
scleral vessel artifacts (red arrows). Two repeated commercial OCT B-scan images (d, e) also show scleral vessel 
artifacts (red arrows) in locations similar to the locations in polarization-dependent OCT images.
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In this study, polarization-dependent OCT images showed birefringence-derived artifacts somewhere in 
the measurement area in all eyes. This finding highlights the inevitable presence of artifacts in polarization-
dependent OCT images. The proportion of images with artifacts was significantly smaller among commercial 
OCT images than among polarization-dependent OCT images. Moreover, low-intensity band artifacts were 
observed in polarization-dependent OCT images but not in commercial OCT images. These findings suggested 
that birefringence-derived artifacts were partially resolved by using commercial OCT. To our knowledge, avail-
able retinal commercial OCT systems do not use polarization-diversity detection; they detect a polarization 
component that is identical to the polarization state of the reference  beam20. Birefringence-derived artifacts can 
occur in both commercial OCT images and polarization-dependent OCT images. In commercial OCT images, 
the influence of birefringence-derived artifacts can be reduced by adjusting a polarization controller in the refer-
ence arm of the interferometer, thereby maximizing signal  intensity20. In contrast, the PD-OCT hardware does 
not have this reference polarization optimization mechanism for several  reasons23. First, for polarization diversity 
detection, the reference beam polarization should have 45-degree linear polarization with respect to the polariza-
tion optical components in the detector module. Therefore, we cannot align the reference polarization state in 
 principle23. However, we can perform similar optimization by aligning the polarization state of the backscattered 
probe beam with a polarization controller. However, this PD-OCT device is not equipped with this mechanism 
because it is not necessary for its original purpose; i.e., to obtain the polarization-insensitive OCT image and 

Figure 5.  Scleral vessel artifacts in different locations in polarization-dependent OCT images and commercial 
OCT images. The left eye of a 75-year-old woman with myopic choroidal neovascularization in remission is 
shown. White line in color fundus image (a) indicates the scan line for PD-OCT images and commercial OCT 
B-scan images (b–e). Polarization-independent OCT B-scan image (b) shows a real scleral vessel (white arrow). 
Polarization-dependent OCT B-scan image (c) and two repeated commercial OCT B-scan images (d, e) also 
show real scleral vessels (white arrows). Along with the real scleral vessel, polarization-dependent OCT B-scan 
image (c) shows a scleral vessel artifact (red arrow). Two repeated commercial OCT B-scan images (d, e) show 
scleral vessel artifacts (red arrows) in locations that differ from the locations in polarization-dependent OCT 
images.

Table 1.  Proportion of birefringence-derived artifacts in OCT B-scan images of the sclera. OCT, optical 
coherence tomography.

Polarization-dependent OCT Commercial OCT

Proportion of artifacts per eye (total 76 eyes)

Scleral vessel artifact 46 eyes (60.5%) 17 eyes (22.4%)

Low-intensity band artifact 22 eyes (28.9%) 0 eyes (0.0%)

Proportion of artifacts per B-scan image (total 380 B-scan images)

Scleral vessel artifact 166 images (43.7%) 63 images (16.6%)

Low-intensity band artifact 63 images (16.6%) 0 images (0.0%)
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Figure 6.  Low-intensity band artifact in a polarization-dependent OCT image. The right eye of a 33-year-old 
man who had macular retinoschisis with myopic choroidal neovascularization in remission is shown. White 
line in color fundus image (a) indicates the scan line for PD-OCT images and commercial OCT B-scan images 
(b–e). Polarization-dependent OCT B-scan image (c) shows a low-intensity band artifact (green arrows). No 
low-intensity band artifacts are present in a polarization-independent OCT B-scan image (b) or two repeated 
commercial OCT B-scan images (d, e).

Figure 7.  En face scleral PD-OCT images of the eye in Fig. 4. Polarization-independent OCT images (a–d) 
and polarization-dependent OCT images (e–h). PD-OCT B-scan images (a, e) were flattened with respect to 
Bruch’s membrane (green lines) to generate a reference plane (red lines) for en face scleral images (b, f). En face 
scleral image of polarization-independent OCT (b) shows real scleral vessels (white arrows) in the shadows of 
choroidal structures. Black lines indicate five sets of macular scan lines. White line indicates the upper scan line 
(c, g) and red line indicates lower scan line (d, h). En face scleral image of polarization-dependent OCT image 
(f) shows the distribution of artifactual low-intensity areas. By comparison with polarization-independent OCT 
B-scan images in upper (c) and lower (d) scan lines, scleral vessel artifacts in polarization-dependent OCT 
B-scan images are identified in both upper (g) and lower (h) scan lines (red arrows).
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polarization contrast (degree-of-polarization uniformity)23. In addition, it is not possible to mimic the automatic 
polarization alignment of the commercial DRI OCT Triton device because its details have not been disclosed.

Other factors that might influence the probability of birefringence-derived artifacts are the angle of incidence 
and the polarization state of the incident light. Scleral birefringence is affected by the relative angle between the 
beam and the sample; the extent of birefringence depends on the relative difference between the polarization 
state of the incident light and the optic axis orientation of the  sclera28,29. These factors might lead to differences 
in the occurrence and pattern of artifacts between polarization-dependent OCT images and commercial OCT 
images. Indeed, the artifact patterns differed between commercial OCT and polarization-dependent OCT for 
nearly half of the images.

In polarization-independent OCT images, we identified real low-intensity structures that were previously 
described as scleral vessels. Along with real scleral vessels, polarization-dependent OCT images and commercial 
OCT images showed scleral vessel artifacts. Scleral vessels were previously investigated in association with vari-
ations in ciliary  arteries5,7,8,11 or the presence of feeder vessels to sites of myopic choroidal  neovascularization10. 
The presence of scleral vessel artifacts might lead to overestimation regarding the number of scleral vessels. 
These scleral vessel artifacts might be mistakenly regarded as ciliary arteries or feeder vessels in OCT images 
of the sclera; they might lead to erroneous interpretation of the processes that underlie pathologic myopia. The 
potential for scleral vessel artifacts should be considered in clinical evaluation with commercial OCT systems.

Polarization-dependent OCT images showed low-intensity band artifacts. In contrast, commercial OCT 
images did not show such artifacts. If low-intensity band artifacts are located at the posterior border of the sclera, 
they might influence measurements of scleral thickness. In the present study, commercial OCT successfully 
resolved such artifacts in images of most eyes, although the potential for low-intensity band artifacts should be 
considered when measuring scleral thickness.

The present study had some limitations. First, because of the small number of patients involved, this prelimi-
nary study was unable to fully evaluate some aspects of birefringence-derived scleral artifacts in OCT images. 
Further studies with larger numbers of patients are needed to comprehensively evaluate the clinical significance of 
such artifacts. Second, locations might have been inconsistent between PD-OCT B-scan images and commercial 
OCT B-scan images. Both polarization-independent OCT images and polarization-dependent OCT images were 
constructed from the same dataset; thus, these locations were closely matched. In contrast, commercial OCT 
images were obtained from independent measurements. This inconsistency might have affected the identifica-
tion of artifacts in this study. Third, different scanning protocols (density and number of B-scans for averaging) 
were used for commercial OCT and PD-OCT. These differences affect the signal-to-noise ratio of OCT images 
and visibility of the sclera and therefore may have influenced our comparison between the commercial OCT 
and PD-OCT images. Fourth, the PD-OCT system in this study could not measure local birefringence at the 
sclera. Measurements by Jones matrix OCT and local birefringence are reportedly necessary for comprehensive 
evaluation of the influence of scleral  birefringence15. Fifth, in previous clinical studies involving commercial 
OCT, full-thickness scleral structures were evaluated by averaging of multiple B-scan images. Because of this 
time-consuming procedure, previous studies omitted volumetric  evaluation5–10,12. In the present study, we only 
evaluated five sets of macular B-scan images that were collected via commercial OCT in accordance with the 
built-in program of DRI-OCT Triton. In future studies, volumetric evaluation of commercial OCT images might 
provide more comprehensive data regarding artifactual structures. Sixth, this study used DRI-OCT Triton to 
represent commercial swept-source OCT systems; other swept-source OCT systems have become commercially 
 available11,12. OCT images of the sclera have been obtained using spectral-domain  OCT7,8. Because of differences 
in polarization state optimization, interferometer architecture, and image processing methods, birefringence-
derived artifacts might differ among systems. Each commercial OCT system should be evaluated separately to 
determine how it is affected by birefringence-derived artifacts.

In conclusion, this study demonstrated that birefringence-derived scleral artifacts were present in commercial 
OCT images. These artifacts might cause overestimation of scleral vessels and erroneous interpretation of the 
pathogenesis of concurrent lesions in patients with pathologic myopia. In PD-OCT images, artifactual findings 
could easily be distinguished from real structures; hence, a PD-OCT system could improve the performance of 
scleral imaging in patients with pathologic myopia. PD-OCT may represent an effective tool to evaluate scleral 
structure in patients with pathologic myopia.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.

Received: 26 June 2022; Accepted: 7 November 2022

References
 1. Watson, P. G. & Young, R. D. Scleral structure, organisation and disease. A review. Exp. Eye Res. 78, 609–623 (2004).
 2. Rada, J. A., Shelton, S. & Norton, T. T. The sclera and myopia. Exp. Eye Res. 82, 185–200 (2006).
 3. McBrien, N. A. & Gentle, A. Role of the sclera in the development and pathological complications of myopia. Prog. Retin. Eye Res. 

22, 307–338 (2003).
 4. Burgoyne, C. F., Downs, J. C., Bellezza, A. J., Suh, J. K. & Hart, R. T. The optic nerve head as a biomechanical structure: a new 

paradigm for understanding the role of IOP-related stress and strain in the pathophysiology of glaucomatous optic nerve head 
damage. Prog. Retin. Eye Res. 24, 39–73 (2005).

 5. Ohno-Matsui, K., Akiba, M., Ishibashi, T. & Moriyama, M. Observations of vascular structures within and posterior to sclera in 
eyes with pathologic myopia by swept-source optical coherence tomography. Invest. Ophthalmol. Vis. Sci. 53, 7290–7298 (2012).



9

Vol.:(0123456789)

Scientific Reports |        (2022) 12:19713  | https://doi.org/10.1038/s41598-022-23874-7

www.nature.com/scientificreports/

 6. Ohno-Matsui, K. et al. Association between shape of sclera and myopic retinochoroidal lesions in patients with pathologic myopia. 
Invest. Ophthalmol. Vis. Sci. 53, 6046–6061 (2012).

 7. Pedinielli, A. et al. In vivo visualization of perforating vessels and focal scleral ectasia in pathological myopia. Invest. Ophthalmol. 
Vis. Sci. 54, 7637–7643 (2013).

 8. Querques, G. et al. Lacquer cracks and perforating scleral vessels in pathologic myopia: a possible causal relationship. Am. J. 
Ophthalmol. 160, 759–766 (2015).

 9. Wong, C. W., Phua, V., Lee, S. Y., Wong, T. Y. & Cheung, C. M. Is choroidal or scleral thickness related to myopic macular degen-
eration?. Invest. Ophthalmol. Vis. Sci. 58, 907–913. https:// doi. org/ 10. 1167/ iovs. 16- 20742 (2017).

 10. Ishida, T., Watanabe, T., Yokoi, T., Shinohara, K. & Ohno-Matsui, K. Possible connection of short posterior ciliary arteries to 
choroidal neovascularisations in eyes with pathologic myopia. Br. J. Ophthalmol. 103, 457–462 (2019).

 11. Lejoyeux, R. et al. En-face analysis of short posterior ciliary arteries crossing the sclera to choroid using wide-field swept-source 
optical coherence tomography. Sci. Rep. 11, 8732. https:// doi. org/ 10. 1038/ s41598- 021- 88205-8 (2021).

 12. Park, U. C., Lee, E. K., Kim, B. H. & Oh, B. L. Decreased choroidal and scleral thicknesses in highly myopic eyes with posterior 
staphyloma. Sci. Rep. 11, 7987. https:// doi. org/ 10. 1038/ s41598- 021- 87065-6 (2021).

 13. Yamanari, M. et al. Optical rheology of porcine sclera by birefringence imaging. PLoS One 7, e44026. https:// doi. org/ 10. 1371/ journ 
al. pone. 00440 26 (2012).

 14. Torzicky, T. et al. High-speed retinal imaging with polarization-sensitive OCT at 1040 nm. Optom. Vis. Sci. 89, 585–592 (2012).
 15. Sugiyama, S. et al. Birefringence imaging of posterior eye by multi-functional Jones matrix optical coherence tomography. Biomed. 

Opt. Express 6, 4951–4974. https:// doi. org/ 10. 1364/ BOE.6. 004951 (2015).
 16. Pircher, M., Hitzenberger, C. K. & Schmidt-Erfurth, U. Polarization sensitive optical coherence tomography in the human eye. 

Prog. Retin. Eye Res. 30, 431–451 (2011).
 17. de Boer, J. F., Hitzenberger, C. K. & Yasuno, Y. Polarization sensitive optical coherence tomography - a review [Invited]. Biomed. 

Opt. Express 8, 1838–1873. https:// doi. org/ 10. 1364/ boe.8. 001838 (2017).
 18. Yamanari, M., Lim, Y., Makita, S. & Yasuno, Y. Visualization of phase retardation of deep posterior eye by polarization-sensitive 

swept-source optical coherence tomography with 1-microm probe. Opt. Express 17, 12385–12396. https:// doi. org/ 10. 1364/ oe. 17. 
012385 (2009).

 19. Yasuno, Y. et al. Visibility of trabecular meshwork by standard and polarization-sensitive optical coherence tomography. J. Biomed. 
Opt. 15, 061705 (2010).

 20. Ueno, Y., Mori, H., Kikuchi, K., Yamanari, M. & Oshika, T. Visualization of anterior chamber angle structures with scattering- and 
polarization-sensitive anterior segment optical coherence tomography. Transl. Vis. Sci. Technol. 10, 29. https:// doi. org/ 10. 1167/ 
tvst. 10. 14. 29 (2021).

 21. Zhang, J., Jung, W., Nelson, J. & Chen, Z. Full range polarization-sensitive Fourier domain optical coherence tomography. Opt. 
Express 12, 6033–6039. https:// doi. org/ 10. 1364/ opex. 12. 006033 (2004).

 22. Lee, A. M. et al. Fiber-optic polarization diversity detection for rotary probe optical coherence tomography. Opt. Lett. 39, 3638–3641 
(2014).

 23. Makita, S. et al. Clinical prototype of pigment and flow imaging optical coherence tomography for posterior eye investigation. 
Biomed. Opt. Express 9, 4372–4389. https:// doi. org/ 10. 1364/ BOE.9. 004372 (2018).

 24. Bernucci, M. T., Merkle, C. W. & Srinivasan, V. J. Investigation of artifacts in retinal and choroidal OCT angiography with a contrast 
agent. Biomed. Opt. Express 9, 1020–1040. https:// doi. org/ 10. 1364/ boe.9. 001020 (2018).

 25. Willemse, J., Gräfe, M. G. O., Verbraak, F. D. & de Boer, J. F. In vivo 3D determination of peripapillary scleral and retinal layer 
architecture using polarization-sensitive optical coherence tomography. Transl. Vis. Sci. Technol. 9, 21. https:// doi. org/ 10. 1167/ 
tvst.9. 11. 21 (2020).

 26. Pijanka, J. K. et al. Quantitative mapping of collagen fiber orientation in non-glaucoma and glaucoma posterior human sclerae. 
Invest. Ophthalmol. Vis. Sci. 53, 5258–5270 (2012).

 27. Meek, K. M. & Fullwood, N. J. Corneal and scleral collagens–a microscopist’s perspective. Micron 32, 261–272 (2001).
 28. Ugryumova, N., Gangnus, S. V. & Matcher, S. J. Three-dimensional optic axis determination using variable-incidence-angle polar-

ization-optical coherence tomography. Opt. Lett. 31, 2305–2307 (2006).
 29. Pyhtila, J. W. & Wax, A. Polarization effects on scatterer sizing accuracy analyzed with frequency-domain angle-resolved low-

coherence interferometry. Appl. Opt. 46, 1735–1741 (2007).

Acknowledgements
This study was supported by Grants-in-Aid for Scientific Research (21K09684 and 21H01836) from the Japan 
Society for the Promotion of Science and Mirai Program (JPMJMI18G8) and CREST (JPMJCR2105) from the 
Japan Science and Technology Agency. We thank Ryan Chastain-Gross, PhD, from Edanz (https:// jp. edanz. com/ 
ac) for editing a draft of this manuscript.

Author contributions
Manuscript writing: M.M. Development of PD-OCT: S.M., Y.Y., S.A., T.M., and T.Y. Development of analysis 
programs: M.M., S.M., Y.Y., S.A., T.M., and T.Y. Study design: M.M. and A.M. Collection, management, analyses, 
and interpretation of the data: M.M., A.M., R.N., and H.S. Review and approval of the manuscript: All authors.

Competing interests 
M. Miura has received funding from Santen and lecture fees from Novartis and Santen. S. Makita and Y. Yasuno 
have received funding from Topcon, Nikon, Yokogawa Electric, Sky Technology, and Kao. S. Azuma, T. Mino, 
and T. Yamaguchi are employees of Topcon Corporation.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 23874-7.

Correspondence and requests for materials should be addressed to M.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1167/iovs.16-20742
https://doi.org/10.1038/s41598-021-88205-8
https://doi.org/10.1038/s41598-021-87065-6
https://doi.org/10.1371/journal.pone.0044026
https://doi.org/10.1371/journal.pone.0044026
https://doi.org/10.1364/BOE.6.004951
https://doi.org/10.1364/boe.8.001838
https://doi.org/10.1364/oe.17.012385
https://doi.org/10.1364/oe.17.012385
https://doi.org/10.1167/tvst.10.14.29
https://doi.org/10.1167/tvst.10.14.29
https://doi.org/10.1364/opex.12.006033
https://doi.org/10.1364/BOE.9.004372
https://doi.org/10.1364/boe.9.001020
https://doi.org/10.1167/tvst.9.11.21
https://doi.org/10.1167/tvst.9.11.21
https://jp.edanz.com/ac
https://jp.edanz.com/ac
https://doi.org/10.1038/s41598-022-23874-7
https://doi.org/10.1038/s41598-022-23874-7
www.nature.com/reprints


10

Vol:.(1234567890)

Scientific Reports |        (2022) 12:19713  | https://doi.org/10.1038/s41598-022-23874-7

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	Birefringence-derived scleral artifacts in optical coherence tomography images of eyes with pathologic myopia
	Methods
	Results
	Discussion
	References
	Acknowledgements


