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Purpose: To assess the changes in anterior segment scleral birefringence (ASSB), a marker of collagen-related fibrotic responses,
following micropulse cyclophotocoagulation (MP-CPC) using polarization-sensitive optical coherence tomography (PS-OCT).
Patients and Methods: Eighteen eyes of sixteen patients with glaucoma who underwent MP-CPC at the University of Tokyo
Hospital in Japan from July 2022 to August 2023 were included. The procedure utilized a Cyclo G6 glaucoma laser system (IRIDEX,
Mountain View, CA, USA) with laser power set at 2,500 mW and an 80-second duration per hemisphere. Clinical outcomes and ASSB
were assessed for 6 months. The principal assessment was the evaluation of post-procedure ASSB. Anterior segment images were
captured before MP-CPC, and at 1 week, 1 month, 3 months, and 6 months after MP-CPC, using PS-OCT (ROCTIA; Tomey
Corporation, Nagoya, Japan) to assess the ASSB. We also assessed the correlation between intraocular pressure (IOP) reduction and
changes in birefringence.

Results: The IOP was significantly lower after than before MP-CPC (pretreatment: 24.8 + 1.8, 1 week: 13.9 + 1.1, 1 month: 17.4 +
1.1, 3 months: 20.1 + 1.7, and 6 months: 19.0 £ 1.6 mmHg). ASSB increased significantly after treatment (pretreatment: 1.00 £ 0.08,
1 week: 1.20 = 0.11, 1 month: 1.27 + 0.06, 3 months: 1.42 + 0.07, and 6 months: 1.26 + 0.15), suggesting post-laser collagen
remodeling in the sclera. Notably, a significant positive correlation was found between the rate of IOP reduction and the degree of
birefringence elevation at 3 and 6 months post-procedure.

Conclusion: We observed a significant increase in ASSB after MP-CPC, and this increase was positively correlated with 10P
reduction. These findings point to the potential mechanism underlying IOP reduction and emphasize the clinical relevance of the
birefringence value.
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Introduction
Patients with glaucoma, a progressive disease leading to irreversible visual impairment through visual field defects,'~
often benefit from intraocular pressure (IOP)-lowering therapy.”* Continuous-wave cyclophotocoagulation (CPC), which
has long been used as an IOP-lowering laser treatment, suppresses aqueous humor production by destruction of the
ciliary processes.” However, its use is limited because of severe adverse effects, including postoperative intraocular
inflammation, decreased vision, scleral melting, hypotony, and phthisis bulbi.®

By contrast, the recently introduced micropulse CPC (MP-CPC) technique, which employs an 810-nm wavelength
micropulse diode laser with P3 probe (Cyclo G6; IRIDEX Laser Systems, Mountain View, CA, USA), has gained
popularity because of its lower complication rate.”® Whereas continuous-wave CPC primarily achieves its therapeutic
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effect through the destruction of pigmented tissues in the ciliary body via absorbed laser energy, micropulse mode
delivers short diode-laser pulses interspersed with pauses.”'® This approach theoretically minimizes heat-induced tissue
damage by facilitating tissue cooling during laser pauses. MP-CPC has demonstrated both safety and efficacy, even in
patients with advanced refractory glaucoma and in earlier stages of the disease.”®!!*!?

In a previous study, we observed fibrotic reactions in the conjunctiva and sclera after MP-CPC in rabbit eyes and
reported as a potential mechanism of IOP reduction.'® Cases of scleral thinning or persistent conjunctival hyperemia have
also been reported with the clinical use of MP-CPC,'*!3 indicating possible reactions in the conjunctiva and sclera.
However, the details of these phenomena remain unclear.

Optical coherence tomography (OCT) is a noninvasive imaging technique commonly employed in daily practice to
visualize tissue structures. It is widely used to evaluate intraocular structures such as the retina, choroid, and optic nerve,
and anterior segment OCT is used to examine structures such as the cornea, conjunctiva, and sclera.

Polarization-sensitive OCT (PS-OCT) is the functional extension of OCT, which provides additional contrast to characterize
the tissue polarization properties.'®!” Birefringence is an optical phenomenon where anisotropic materials exhibit different
refractive indices along different polarization axes, leading to a phase retardation between orthogonally polarized light
components. In biological tissues, this is often caused by organized structures such as collagen fibers. PS-OCT has emerged
as a potent noninvasive technique for investigating and potentially diagnosing postoperative fibrosis or collagen alterations in the
sclera.'™!” Therefore, we hypothesized that PS-OCT-based anterior segment scleral birefringence (ASSB) measurements can be
used to detect collagen remodeling, including fibrotic reactions, following MP-CPC.

In this study, we used PS-OCT to investigate changes in birefringence in the sclera of patients who underwent
MP-CPC, and we assessed the association of these changes with the outcome of the procedure.

Materials and Methods

Patients

This prospective observational study involved 18 eyes of 16 patients with glaucoma who underwent MP-CPC at the
University of Tokyo Hospital in Japan from July 2022 to August 2023, with a maximum follow-up period of 6 months.
We excluded patients who did not undergo PS-OCT imaging at least twice within the 6-month post-MP-CPC period,
required additional MP-CPC or surgery because of elevated IOP within 6 months, or had a history of prior MP-CPC
treatment. This observational study was conducted in accordance with the principles of the Declaration of Helsinki, and
the institutional review board approved the study protocol (approved number 2217). The ethics committee waived the
requirement for informed consent regarding the use of patients’ medical record data in accordance with the regulations of
the Japanese Guidelines for Epidemiologic Study issued by the Japanese government. Clinical trial registration was not
required because of the observational nature of the study. All participants were at least 18 years of age. Informed consent
was obtained from all patients prior to the procedures. We anonymized all acquired PS-OCT images and medical data.
IOP was measured using a calibrated Goldmann applanation tonometer. The use of a combination of topical glaucoma
drugs was scored as 2 points, and the use of oral acetazolamide was scored as 1 point.

Surgical Technique

MP-CPC was performed as reported previously using the Cyclo G6 device (IRIDEX Laser Systems).2° Briefly, sub-tenon
anesthesia with 2.5-4.0 mL of 2% lidocaine hydrochloride was administered before treatment. Hydroxyethyl cellulose
gel (Scopisol Solution for Eyes; Senju Pharmaceutical Co., Ltd., Osaka, Japan) was applied to the conjunctiva and placed
within the fluid channel of the MicroPulse P3 probe (IRIDEX Laser Systems).?’ The laser power was adjusted to 2,500
mW with an 80-second duration per hemisphere (total of 160 seconds; 20 seconds per sweep) and a 31.3% duty cycle.
The procedure was performed with the laser directed toward the pars plana. Areas at the 3- and 9-o’clock positions,
where the ciliary neurovascular bundle is located, were avoided. Laser irradiation was performed in a back-and-forth
manner for 20 seconds per pass. Postoperatively, topical betamethasone sodium phosphate 0.1% eye drops were used
four times daily for 1 week. MP-CPC was performed by several surgeons.
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PS-OCT Measurement

We captured anterior segment images before MP-CPC, and at 1 week, 1 month, 3 months, and 6 months after MP-CPC, using
PS-OCT (ROCTIA; Tomey Corporation, Nagoya, Japan). The details of the system and the processing algorithm to calculate
birefringence were described previously.'®'” The standard deviation of birefringence measurements in a healthy retina was
less than 0.33 deg/um. Since the OCT signal intensity in the sclera is greater than in the retina, the accuracy of birefringence
measurements in the sclera is higher than that. Because this PS-OCT device has a default scanning system for retinal imaging,
we used an attachment lens for anterior segment imaging, which had a lateral resolution of 35 pm. The maximum imaging
depth of the PS-OCT system used in this study is approximately 4 mm, allowing sufficient penetration to visualize anterior
segment structures including the sclera. During imaging, the eye was adjusted to an upward position to ensure comprehensive
visualization of the cornea, angle, and lower scleral area within a single field of view.

Analysis of Birefringence
Birefringence was visualized using a customized color map exhibiting monotonically increasing brightness. Gamma correc-
tion was applied to an open-source colormap called “viridis” to enhance the visibility of low birefringence. We performed an
RBG-to-CIELAB conversion on the exported images using ImagelJ software (National Institutes of Health, Bethesda, MD,
USA) to create a brightness (L) image. We then standardized all images by rotating them to orient the sclera horizontally.
Finally, we applied a consistent threshold value to binarize the images. This threshold was determined based on analysis of
multiple birefringence maps, selecting the value that best distinguished between regions of high and low birefringence.
Within these processed images, we placed a region of interest in the sclera, measuring 3,000 um in width and 500 pm in
height and located 3 mm from the angle (the laser irradiation site of MP-CPC). After cropping this area, we calculated the number
of pixels exhibiting a birefringence value of 255, which we defined as high birefringence. Standardization was achieved by
dividing each number of thresholded pixels at each time point by the mean value of number of thresholded pixels before
treatment. The repeatability of the measurement was assessed by calculating the coefficient of variation (CV) from three repeated
measurements on each sample. The average CV across all samples was 6.5%, indicating high measurement precision.

Statistical Analysis

Statistical analyses were performed using R software (version 4.2.2; R Development Core Team, Austria, Vienna).
Values for line graphs and bar graphs are expressed as mean + standard error of the mean (SEM). Differences between
pre- and post-treatment values were analyzed using a mixed linear model. We assessed the correlation between two
variables using Spearman’s rank correlation coefficient. A p-value of < 0.05 was considered statistically significant.

Results

Patient Characteristics
The patients’ characteristics are shown in Table 1. We analyzed 18 eyes of 16 patients after MP-CPC. The patients’
average age was 69.8 years (standard deviation [SD], 4.0 years), and 15 eyes (83%) belonged to male patients. The

Table | Patient Demographics and Characteristics
(18 Eyes of 16 Patients)

Age, years 69.8 + 4.0

Male sex 15 (83)

Pretreatment IOP, mmHg 248 + 1.8

Pretreatment medication score 4.6 +0.2

Glaucoma subtypes 9/3/6
POAG/XFG/SG

Note: Data are presented as mean * standard deviation,
n (%), or n.

Abbreviations: |OP, intraocular pressure; POAG, primary
open-angle glaucoma; XFG, exfoliation glaucoma; SG, second-
ary glaucoma.

Clinical Ophthalmology 2025:19 heeps: 2181



Nemoto et al

average pretreatment IOP was 24.8 mmHg (SD, 1.8), and the average pretreatment medication score was 4.6 (SD, 0.2).
The glaucoma subtypes were primary open-angle glaucoma (9 eyes), exfoliation glaucoma (3 eyes), and secondary
glaucoma (6 eyes). We found no significant correlation between pretreatment IOP and ASSB (r = —0.23, p = 0.36
according to Spearman’s rank correlation coefficient test).

IOP Reduction and Changes in Medication Scores Following MP-CPC

Following MP-CPC, statistically significant IOP reductions were observed at 1 week, 1 month, 3 months, and 6 months
compared with the pretreatment IOP (pretreatment: 24.8 = 1.8, 1 week: 13.9 + 1.1, 1 month: 17.4 £ 1.1, 3 months: 20.1 + 1.7,
and 6 months: 19.0 + 1.6 mmHg) (Figure 1a). The medication scores after MP-CPC showed no statistically significant
differences at any time point (pretreatment: 4.6 £0.2, 1 week: 4.6 £0.1, 1 month: 4.5+ 0.2, 3 months: 4.5 + 0.2, and 6 months:
4.2 + 0.3) (Figure 1b).

Changes in ASSB Following MP-CPC

The pretreatment PS-OCT images displayed regions of high birefringence in the band of extracanalicular limbal lamina®'
surrounding the trabecular meshwork as well as multiple islands of thresholded high birefringence within the sclera
(Figure 2a). The size of the thresholded high birefringence in the band of extracanalicular limbal lamina did not change
significantly after MP-CPC. We observed an increase in ASSB at the laser-irradiated area at 1 week, 1 month, 3 months,
and 6 months after MP-CPC (Figure 2b). Analysis of the sclera in 18 eyes revealed statistically significant increases in
ASSB at all timepoint compared with the pretreatment values (pretreatment: 1.00 + 0.08, 1 week: 1.20 £ 0.11, 1 month:
1.27 £ 0.06, 3 months: 1.42 + 0.07, and 6 months: 1.26 £+ 0.15) (Figure 2¢). Birefringence within the sclera increased
gradually, peaking at 3 months.

Correlation Between the Rate of IOP Reduction and Rate of Birefringence Increase
We examined the correlation between the rate of IOP reduction and the rate of birefringence increase in the sclera at
1 week, 1 month, 3 months, and 6 months after MP-CPC. At 1 week and 1 month, no significant correlation was
observed. At 3 and 6 months, however, we found a significant positive correlation between the rate of IOP reduction and
the rate of birefringence increase (1 week: » =0, p = 1; 1 month: » = —0.17, p = 0.51; 3 months: » = 0.55, p = 0.03; 6
months: » = 0.63, p = 0.04) (Figure 3a—d).

Discussion

MP-CPC has gained popularity as an effective and safe IOP-lowering glaucoma treatment. However, the precise
mechanism of IOP reduction and the impact of MP-CPC on the anterior eye tissue have remained unclear. In this
study, we used PS-OCT to analyze changes in ASSB following MP-CPC. Our findings revealed a significant increase in
birefringence in the laser-irradiated scleral area after MP-CPC (Figure 2). Moreover, a statistically significant positive
correlation between the rate of IOP reduction and the rate of birefringence increase was observed at 3 and 6 months after
the procedure (Figure 3a—d).

Birefringence is a phenomenon characterized by phase retardation when light waves penetrate birefringent
materials.'® Materials with dense structures and high orientation exhibit elevated birefringence. Collagen, known for
its highly oriented structure, is a representative birefringent material in living organisms.”> PS-OCT has been used to
visualize various types of fibrosis-related scarring, such as dermal fibrosis, joint or tendon fibrosis, and gastrointestinal
and lung fibrosis.”* *° In ocular tissues, PS-OCT has been used to analyze birefringence in fibrous tissues that contain
collagens with specific polarization properties, especially the cornea, sclera, and angle structures.”'"?® Liu et al*
recently demonstrated that the posterior scleral birefringence value was higher in myopic eyes and showed a positive
correlation with longer axial length, especially in pathologic myopia. In eyes affected by high myopia, the myopic
posterior sclera exhibits alterations in the arrangement of scleral collagen and reductions in interwoven fibers.?**° These
reports collectively suggest that higher birefringence can be associated with changes in collagen fiber microstructure as
well as collagen fiber reorganization, which is consistent with the results of the present study.
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Figure | Intraocular pressure (IOP) reduction and changes in medication scores following micropulse cyclophotocoagulation (MP-CPC) (a) Following MP-CPC, statistically
significant IOP reductions were observed at | week, | month, 3 months, and 6 months compared with pretreatment values. Data are presented as mean + SEM. Statistical
significance was evaluated using mixed linear model. **p < 0.01. The number of eyes included at each time point was as follows: pre-treatment, n = I8; | week, n = 18; |
month, n = 18; 3 months, n = 18; 6 months, n = 13. (b) Medication scores after MP-CPC showed no statistically significant differences at any time point. Data are presented
as mean *+ SEM. Statistical significance was evaluated using mixed linear model. NS, not significant. The number of eyes included at each time point was as follows: pre-
treatment, n = 18; | week, n = [8; | month, n = 18; 3 months, n = 18; 6 months, n = |3.

Our prior research demonstrated fibrotic responses in subconjunctival and scleral tissues of rabbits following MP-
CPC, even at relatively low laser power.'® Other studies have also revealed a fibrotic response of the subconjunctival
tissue following MP-CPC.? Indeed, an impact of MP-CPC on the conjunctiva and sclera is reasonable considering the
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Figure 2 Anterior segment scleral birefringence (ASSB) following MP-CPC (a and b) Representative images showing changes in ASSB over time in a single case. PS-OCT
images revealed an increase in ASSB following MP-CPC. (a) The left panels show birefringence images, while the right panels show images merged with OCT B-scan images.
Yellow squares indicate laser-irradiated areas. Scale bar: 1,000 pm. (b) Enlarged image of the laser-irradiated area. Yellow squares indicate laser-irradiated areas. Scale bar:
400 pm. (c) Quantitative analysis of scleral birefringence following MP-CPC. Birefringence increased gradually over time, with statistically significant differences observed at
all time points compared to baseline. The number of eyes included at each time point was as follows: pre-treatment, n = 18; | week, n = 12; | month, n = 18; 3 months, n =
18; 6 months, n = | |. Standardization was achieved by dividing each number of thresholded pixels at each time point by the mean value of number of thresholded pixels
before treatment. Statistical significance was evaluated using mixed linear model. *p < 0.05, **p < 0.01.
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Figure 3 Correlation between the rate of IOP reduction and the rate of birefringence change increase (a—d) Correlation between the rate of IOP reduction and the
rate of birefringence increase at | week, | month, 3 months, and 6 months after MP-CPC. A statistically significant positive correlation was found between a better
IOP reduction rate and a higher rate of birefringence increase at (c) 3 months and (d) 6 months after MP-CPC. We assessed the correlation using Spearman’s rank
correlation coefficient. A p-value of < 0.05 was considered statistically significant. Each Correlation coefficient r-value and p-value is described as follows; (a), r = 0,
p=1;(b), r=-0.17, p = 0.5I; (c), r = 0.55, p = 0.03; (d), r = 0.63, p = 0.04, respectively.

reports of scleral thinning and persistent conjunctival hyperemia in real-world clinical practice following MP-CPC.'*'
Given the predominance of collagen in the sclera, the observed increase in birefringence following MP-CPC may have
resulted from fibrotic reactions induced by MP-CPC or thermal energy generated by laser energy absorption, leading to
collagen degeneration or reconstruction in the sclera.

The observed trends in IOP reduction and medication scores after MP-CPC in our study were similar to those in
a previous report from our institution and are consistent with previous reports from other institutions.”**>'** This
suggests that the MP-CPC procedures in the present study were conducted appropriately and highlights the possible
importance of a sustained increase in ASSB for effective IOP reduction.

Interestingly, a positive correlation between the rate of IOP reduction and the increase in birefringence was observed
at 3 and 6 months postoperatively (Figure 3¢ and d), but not at 1 week. One possible explanation is that the structural
changes in the sclera responsible for birefringence alterations—such as collagen fiber reorganization or degeneration—
may require more time to manifest than the immediate IOP-lowering effects of MP-CPC. Notably, the peak increase in
ASSB occurred 3 months after MP-CPC, aligning with the gradual progression of fibrotic responses (Figure 2c). This
time lag suggests that tissue remodeling is a gradual process, and the birefringence signal may reflect more sustained or
cumulative changes in the extracellular matrix rather than acute pressure changes alone. Another possible explanation

involves individual-patient variations may exist in the absorption of laser energy within the sclera, its conversion to
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thermal energy, and the subsequent scleral reactions. In clinical practice, MP-CPC does not uniformly yield identical
IOP-lowering effects in all patients; instead, there are individual differences in both the efficacy and extent of IOP
reduction.”*!? Consequently, significant changes in the polarization characteristics of the sclera may be more likely to
occur when MP-CPC achieves a substantial IOP reduction. Moreover, MP-CPC might not be optimally executed in
patients with limited IOP reduction. Factors such as improper laser positioning, variations in probe angles among
patients, or complications (eg, application of insufficient force during probe placement or the occurrence of sub-tenon
anesthesia-induced conjunctival hemorrhage that absorbs the laser power) may lead to both milder collagen degeneration
in the sclera and limited IOP reduction. In our study, multiple surgeons performed MP-CPC. Additionally, patients with
glaucoma often exhibit ptosis and eyelid hardening due to topical prostaglandin analog treatment. These factors can
further contribute to the variability in MP-CPC techniques across patients.*>** The increase in ASSB observed in this
study may serve as a valuable tool for assessing the effectiveness of MP-CPC as well as a highly plausible explanation
for the mechanisms of IOP reduction by this treatment.

This study had three main limitations. First, all patients were Japanese. Research has revealed variations in melanin
content in the uvea among different racial groups. Caucasian eyes allow slightly more effective laser penetration of the
sclera than Asian eyes, perhaps because there is less scattering and absorption caused by lower levels of
pigmentation.?>*33¢ It is conceivable that the Japanese population has higher melanin content, potentially resulting in
greater laser absorption during MP-CPC. Further investigations involving diverse racial groups are warranted. Second,
we excluded patients requiring additional surgery or repeat MP-CPC during the 6-month observation period because we
aimed to evaluate the effect of only one MP-CPC procedure. These exclusions may have introduced bias because such
refractive cases are likely indicative of poor IOP reduction efficacy. Further studies are needed to explore the response in
these cases. Third, the long-term effects of MP-CPC were not fully evaluated in this study. Further longitudinal studies
are needed.

In conclusion, our findings indicate an increase in ASSB following MP-CPC, with a positive correlation between the
rate of birefringence increase and the rate of IOP reduction at the intermediate time point after MP-CPC. These results
suggest a possible mechanism for IOP reduction and highlight the clinical significance of birefringence measurements.
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