

[image: image1]
Macular vascular density changes in different stages of chronic primary angle-closure glaucoma









 


	
	
ORIGINAL RESEARCH
published: 24 July 2025
doi: 10.3389/fmed.2025.1620673








[image: image2]

Macular vascular density changes in different stages of chronic primary angle-closure glaucoma

Juntao Zhang1,2, Qinkang Lu2, Huilei Yu2, Bowen Liu2, Jingwen Yang2, Tianyu Wang3 and Fang Wang1*


1Shanghai Tenth People's Hospital, School of Medicine, Tongji University, Shanghai, China

2The Affiliated People’s Hospital of Ningbo University, Ningbo, China

3Ningbo Key Laboratory of Medical Research on Blinding Eye Diseases, Ningbo Eye Institute, Ningbo Eye Hospital, Wenzhou Medical University, Ningbo, China

Edited by
 Weihua Yang, Southern Medical University, China

Reviewed by
 Huan Xu, Fudan University, China
 Bingjie Qiu, Xi’an People’s Hospital, China
 Huan Chen, Peking Union Medical College Hospital (CAMS), China

*Correspondence
 Fang Wang, wfangtj@163.com 

Received 30 April 2025
 Accepted 07 July 2025
 Published 24 July 2025

Citation
 Zhang J, Lu Q, Yu H, Liu B, Yang J, Wang T and Wang F (2025) Macular vascular density changes in different stages of chronic primary angle-closure glaucoma. Front. Med. 12:1620673. doi: 10.3389/fmed.2025.1620673
 

Objective: This study aims to investigate differences in macular vascular density (MVD) between individuals with chronic primary angle-closure glaucoma (CPACG) and healthy controls, as well as to evaluate cross-sectional changes in MVD at various stages of CPACG.

Method: This is a retrospective study based on the epidemiological survey of eye diseases in the local community, including 47 eyes of CPACG subjects (20 eyes at the early stage and 27 eyes at the middle-to-severe stages). All subjects underwent optical coherence tomography angiography (OCTA) imaging to detect MVD, as well as macular retinal nerve fiber layer (RNFL) and ganglion cell layer (GCL) thickness. Linear regression analysis was performed to evaluate other ophthalmic indicators related to vascular density loss.

Results: Compared to the control group, the MVD in CPACG eyes significantly declined by 11.5% in the superficial capillary plexus (p = 0.012) and 6.8% in the deep capillary plexus. Single correlation analysis showed that MVD in CPACG eyes was significantly correlated with axial length (r = 0.493, p = 0.036), RNFL thickness (r = 0.488, p = 0.047), and mean deviation of the visual field (r = −0.546, p = 0.010). In addition, multiple regression analysis also suggested that MVD was positively correlated with GCL/RNFL thickness and negatively correlated with the mean deviation of the visual field (p = 0.004).

Conclusion: Our study demonstrated that OCTA was a valuable tool for detecting vascular deterioration in CPACG eyes, with a stronger association between MVD and visual field damage. Further research is warranted to explore the potential of MVD as a biomarker for glaucoma progression.
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1 Introduction

Glaucoma is an optic neuropathy characterized by elevated intraocular pressure (IOP), optic nerve atrophy, and visual field (VF) damage accompanied by the loss of retinal ganglion cells (RGCs). It was reported that by 2040, the number of glaucoma cases among individuals aged 40–80 years will increase from 76 million in 2020 to 111.8 million, representing an increase of approximately 47.1%, mainly attributed to cases in Asia and Africa (1, 2). It is worth noting that in Asia, especially in China, 80% of primary glaucoma cases were angle closure glaucoma (3). Depending on the clinical presentation and severity, glaucoma can be divided into two forms. Acute glaucoma is characterized by the closure of the anterior chamber angle due to a sudden rise in IOP. In contrast, chronic glaucoma involves the closure of the chamber angle or the development of peripheral anterior adhesions due to a gradual increase in IOP (4). Chronic primary angle-closure glaucoma (CPACG) is a distinct type, well-known for its insidious progression and potential to cause significant optic nerve damage.

Studies indicate that PACG is usually associated with obstructed aqueous drainage channels and persistent elevation of intraocular pressure (IOP), which affect retinal circulation and leads to a more extensive loss of vascular density (VD) and a reduction in retinal nerve fiber layer (RNFL) thickness (5). Swept-source OCT or spectral-domain OCT with a wavelength of approximately 1,050 nm could effectively penetrate the retinal pigment epithelium and is widely used for the assessment of RGC and RNFL thickness (6, 7). The segmented mRNFL and ganglion cell layer (GCL) showed moderate sensitivity but high specificity for diagnostics of glaucomatous eyes and was comparable to cpRNFL thickness (6). The optic disc parameters had lower diagnostic accuracy than the RNFLT and GCL parameters (7).

The vascular system and ocular blood flow also play important roles in the pathological process of PACG. High intraocular pressure leads to compression of the soft tissue structure in the sieve plate area, and repeated mechanical compression may also impair vascular regulation function, thereby dynamically affecting microcirculation in the optic disc area and indirectly affecting macular perfusion. The dysregulation of ocular blood flow could trigger neuronal damage in the ischemic phase, leading to thinning of the RNFL and GCL (8). It was reported that disc hemorrhage was a significant negative prognostic factor for non-traumatic glaucoma and might be indicative of progressive damage to RNFL (9). In eyes with primary open-angle glaucoma (POAG), superficial macular vascular density may have diagnostic accuracy comparable to that of pericapillary RNFL and macular GCL thickness (10). Current studies on retinal vascular density in glaucoma mainly focused on the optic nerve head and the peripapillary region (11–13). Weinreb demonstrated that decreased microvascular density was closely associated with the severity of VF damage, even after controlling for the impact of structural loss (11). Yoshimura also reported that in glaucomatous eyes without high myopia, microvascular densities of the optic discs were significantly decreased at locations corresponding to VF defects (p = 0.006) (13). The same situation was also proved in the peripapillary location in all subjects with normal-tension glaucoma and POAG (14, 15). An early report on CPACG indicated a significant reduction in vascular blood flow around their capillaries during an 18-month follow-up (16).

However, few studies have focused on the retinal microvasculature in the macular region of PACG eyes. We hypothesized that MVD reduction correlates with glaucoma severity. Therefore, this study aims to investigate whether macular vascular density (VD) correlates with visual field defects or other structural changes in CPACG eyes at various stages.



2 Materials and methods

This is a retrospective single-center study based on epidemiological screening data on glaucoma in the Ningbo region from April 2020 to November 2023. This study was designed to identify a standardized effect of size 1.0 with a power of 80% and a risk of a type I error of 5%. Hence, an overall sample size of approximately 32 was required for statistical power. We recruited 47 eyes from 31 CPACG subjects. The inclusion criteria for CPACG eyes were listed as follows (17, 18): (1) the closure angle should be confirmed, (2) presence of glaucoma-related optic neuropathy and VF damage, (3) long-term elevated IOP (>21 mmHg for ≥6 months), and (4) none of the symptoms or signs of acute attacks. The exclusion criteria included the following: (1) history of intraocular surgery (excluding cataract surgery without complications); (2) history of neurodegenerative diseases, including head trauma, stroke, Alzheimer’s disease, and Parkinson’s disease; (3) diabetes or other causes of retinal lesions (cup-to-disc ratio abnormalities or RNFL damage); (4) patients with severe cataracts (LOCS III grade ≥4) or high myopia, (5) history of acute angle-closure glaucoma attacks; and (6) history of any kind of glaucoma treatment.

According to the degree of VF damage, glaucoma staging could be divided into mild (VFMD ≥ − 6 dB) or moderate to late stage (VFMD < −6 dB, moderate defined as −6 to −12 dB, advanced defined as <−12 dB) (19). In this study, 28 healthy participants were included with mild to moderate cataracts but no other eye diseases. One eye was randomly selected from the normal controls. The research program was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board of the affiliated hospital of Ningbo University. Informed consent was obtained from all participants or their legal guardians.

After enrollment, information from all participants was collected, such as name, gender, date of birth, and chronic medical history. Comprehensive ophthalmic examinations were conducted, including vision, IOP by non-contact tonometer (KOWA, KT-800, Japan), cornea by slit lamp biomicroscopy (SLM-5E, Kanghua Ruiming, Chongqing, China), fundus examination by laser scanning ophthalmoscope (Daytona (P200T), Oubao, UK), and axial length by IOL Master 700. Visual field defect was also tested by a fully automatic visual field analyzer (Humphrey840, ZEISS, Germany), with a spot size of 2 mm, holding time of 600 ms, and background light intensity of 4 asb.


2.1 Optical coherence tomography angiography

Retinal angiography was performed by experienced ophthalmologists using the newly developed ultrawide-field optical coherence tomography angiography (UWF-OCTA) (BM-400 K, Tupai Medical, Beijing, China) with a laser light wavelength of 1,060 nm (24 mm × 20 mm scan area, A/B-scan count of 1,536/1,280, axial resolution 3.8 μm, lateral resolution 10 μm). Structural indicators were analyzed using OCTFunduslmage3 software (1.3.3.1 version). The defined region was centered on the fovea with motion correction. Macular vascular density (MVD) was quantified by measuring the percentage of blood flow perfusion, and large vessels were excluded from the calculation (20). MVD was obtained by scanning a region of 3 mm × 3 mm centered on the fovea. The split-spectrum amplitude-decorrelation angiography algorithm was applied to automatically segment the superficial vascular complex, the deep vascular complex, the choriocapillaris layer, and the choroidal vessel layer. All these layers could be quantified on vessel density with relatively high inter-observer reproducibility (0.66–0.94). All the primary data were exported by the built-in software of the SS-OCT and SS-OCTA platforms. The thickness of RNFL and GCL could also be automatically quantified (Figure 1). The quality of each OCT angiography image was evaluated, and low-quality scans with a signal strength index <60 were excluded.
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FIGURE 1
 OCTA could detect the thickness of different layers of the retina. In the coronal direction, the macular region was scanned in the region of 6 mm × 6 mm and 3 mm × 3 mm centered on the fovea. RNFL and GCL thickness were defined as the mean value in the entire annular area of the inner ring (3 mm × 3 mm).




2.2 Statistical analysis

The normality of quantitative data was evaluated using the Kolmogorov–Smirnov normality test. The Kolmogorov–Smirnov normality test was conducted by comparing the cumulative distribution function of the sample data with the cumulative distribution function of a normal distribution. A p-value of greater than 0.05 was considered to indicate normality. All continuous variables were expressed as mean ± standard deviation. All categorical variables were expressed in frequency (percentage). Analysis of variance (ANOVA) was used to evaluate differences among the controls and CPACG subgroups; post-analysis Bonferroni test was used to compare the differences among groups. The χ2 test was used to evaluate the differences among groups by age and sex distributions. Pearson’s correlation analysis was used to study the relationship between MVD and traditional functional and structural indicators. Subsequently, the stochastic expectation maximization algorithm was applied to deal with bilateral data, and multiple linear regression analysis was used to evaluate the association between MVD and axial length, mean deviation of visual field, GCL, and RNFL. All statistical analyses were conducted using SPSS software package version 20.0, with a p-value of <0.05 indicating statistically significant differences.




3 Results


3.1 Comparison of general clinical data

This study recruited 28 healthy eyes and 47 eyes from 31 CPACG subjects (20 mild eyes and 27 moderate-to-advanced eyes). Table 1 displays general data on age, gender, IOP, axial length, mean deviation of visual field (VFMD), GCL, RNFL thickness, and C/D area ratio. Except for IOP, age, and gender, there were significant differences in axial length, visual field damage, C/D area ratio, GCL, and RNFL thickness between CPACG subjects and normal controls (p < 0.05). For CPACG eyes at different stages, significant changes in retinal structure were also shown in moderate-to-advanced eyes with the most severe visual field damage (p < 0.001), increased C/D area ratio, and thinner GCL and RNFL thickness (p < 0.001).


TABLE 1 Demographic data and clinical characteristics of all CPACG patients.


	Parameter
	Controls (A)
	Mild subgroup (B)
	Moderate-to-advanced subgroup (C)
	p-value

 

 	Eyes (n) 	28 	20 	27 	


 	Age (years) 	71.6 ± 10.3 	69.5 ± 13.4 	72.2 ± 9.8 	Overall: 0.76


 	Sex (male/female) 	71/81 	48/56 	52/69 	Overall: 0.34


 	IOP (mm Hg) 	14.78 ± 5.62 	15.54 ± 7.33 	16.32 ± 6.74 	Overall: 0.49


 	Axial length (mm) 	24.1 ± 2.3 	22.4 ± 2.1 	22.1 ± 1.9 	Overall: 0.040
 A–B: 0.035
 A–C: 0.022
 B–C: 0.86


 	VFMD (dB) 	2.57 ± 2.36 	5.32 ± 3.54 	12.46 ± 4.26 	Overall: <0.001
 A–B: 0.017
 A–C: <0.001
 B–C: <0.001


 	C/D ratio 	0.41 ± 0.17 	0.50 ± 0.22 	0.63 ± 0.26 	Overall: 0.023
 A–B: 0.064
 A–C: 0.012
 B–C: 0.047


 	RNFL thickness (μm) 	103.3 ± 18.7 	92.6 ± 18.1 	71.5 ± 17.4 	Overall: <0.001
 A–B: 0.009
 A–C: <0.001
 B–C: <0.001


 	GCL thickness (μm) 	103.8 ± 21.4 	94.9 ± 16.7 	77.6 ± 12.8 	Overall: <0.001
 A–B: 0.016
 A–C: <0.001
 B–C: <0.001





IOP, intra-ocular pressure; C/D ratio, vertical-based cup-to-disc ratio; RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; VFMD, mean deviation of visual field.
 



3.2 Determination of MVD in multiple layers of the macular region

According to the coronal images of the OCTA scan, the microvascular network in the normal eyes was denser than that in the CPACG eyes, since it became sparse in the CPACG eyes and showed varying degrees of macular atrophy and expansion of capillary spaces (Figure 2). In addition, the pseudo-color images of blood vessels showed that the blood vessel density was lower in CPACG eyes.
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FIGURE 2
 Representative image of vascular perfusion density in the superficial capillary plexus (ILM(0)-IPL(9)) in the region of 6 mm × 6 mm and 3 mm × 3 mm centered on the fovea [(A) normal control; (B) CPACG eye]. Fovea was defined as an area with an inner diameter of 1 mm centered on the fovea centralis. Parafovea was defined as the entire annular area of the inner ring (3 mm × 3 mm), which was also divided into four blocks: temporal, superior, nasal, and inferior.


OCTA can measure vascular density across multiple layers of the macular region, primarily including the superficial capillary plexus, deep capillary plexus, and choriocapillaris layers. Compared with the normal controls, the differences of MVD in CPACG eyes were mainly reflected in the superficial capillary plexus and deep capillary plexus (Table 2). Compared to normal controls, MVD in CPACG eyes declined by 11.5% in the superficial capillary plexus and by 6.8% in the deep capillary plexus. Among CPACG eyes at different stages, a significant decrease in MVD was observed only in the superficial capillary plexus of moderate-to-advanced eyes (45.38 ± 3.14% in controls vs. 38.61 ± 2.89% in advanced CPACG), compared to early-stage eyes (p = 0.012). No significant differences in MVD were found in other capillary plexuses.


TABLE 2 Measurement of MVD in the CPACG subgroups and the control group.


	Parameter
	Controls (A)
	Mild subgroup (B)
	Moderate-to-advanced subgroup (C)
	p-value

 

 	Superficial (%) 	45.38 ± 3.14 	41.84 ± 3.11 	38.61 ± 2.89 	Overall: <0.001
 A–B: 0.003
 A–C: <0.001
 B–C: 0.012


 	Deep (%) 	48.56 ± 3.05 	46.17 ± 3.49 	44.79 ± 3.28 	Overall: <0.001
 A–B: 0.031
 A–C: 0.004
 B–C: 0.11


 	Choroid capillary (%) 	62.79 ± 2.83 	62.57 ± 4.69 	62.14 ± 4.02 	Overall: 0.63





p-values are presented for the overall one-way ANOVA, followed by pairwise comparisons with the Bonferroni correction. The bold values represented statistically significant.
 

In the superficial capillary plexus, MVD changes were most pronounced. The parafovea region was divided into four parts: temporal, superior, nasal, and inferior. The results showed that the MVD changes in parafovea were more obvious than those in the fovea area (overall: p < 0.001), and could clearly distinguish CPACG eyes at different stages (Table 3). Compared to early eyes, the MVD in moderate-to-advanced eyes decreased by 5.6% in the parafovea region (p = 0.042). The MVD changes in temporal and inferior areas were more remarkable between early eyes and moderate-to-advanced eyes, with a reduction of 7.5% (p = 0.006) and 4.8% (p = 0.035), respectively.


TABLE 3 MVD changes in different regions of the superficial capillary plexus.


	Parameter
	Controls (A)
	Mild subgroup (B)
	Moderate-to-advanced subgroup (C)
	p-value

 

 	Fovea (%) 	26.51 ± 5.02 	24.65 ± 4.13 	24.07 ± 3.96 	Overall: 0.032
 A–B: 0.015
 A–C: <0.001
 B–C: 0.86


 	Parafovea (%) 	53.12 ± 3.73 	48.83 ± 4.23 	46.12 ± 3.91 	Overall: <0.001
 A–B: <0.001
 A–C: <0.001
 B–C: 0.042


 	Temporal (%) 	52.65 ± 3.91 	48.21 ± 3.79 	44.62 ± 5.01 	Overall: <0.001
 A–B: <0.001
 A–C: <0.001
 B–C: 0.006


 	Superior (%) 	52.71 ± 4.24 	48.09 ± 4.41 	47.75 ± 5.03 	Overall: 0.012
 A–B: <0.001
 A–C: <0.001
 B–C: 0.74


 	Nasal (%) 	52.80 ± 3.91 	48.39 ± 4.23 	47.52 ± 4.88 	Overall: 0.014
 A–B: <0.001
 A–C: <0.001
 B–C: 0.43


 	Inferior (%) 	54.85 ± 4.04 	48.12 ± 4.87 	45.81 ± 6.03 	Overall: <0.001
 A–B: <0.001
 A–C: <0.001
 B–C: 0.035





The bold values represented statistically significant.
 



3.3 The correlation between macular blood flow density and structure

Pearson’s correlation analysis showed no relationship between MVD and IOP, C/D ratio, or age (Table 4). There was a negative correlation between vascular density and mean deviation of the visual field (β = −0.90, p = 0.010), and a positive correlation between vascular density and GCL thickness (β = 0.35, p = 0.019), RNFL thickness (β = 0.46, p = 0.047), and axial length (β = 0.45, p = 0.036).


TABLE 4 Correlations between the superficial MVD and other glaucoma parameters in all CPACG.


	Variables
	MVD



	
r

	p-value
	Standard β

 

 	Age 	−0.331 	0.158 	−0.36


 	Cup-to-disc ratio 	−0.374 	0.093 	−0.53


 	Axial length 	0.493 	0.036 	0.45


 	GCL thickness 	0.516 	0.019 	0.35


 	RNFL thickness 	0.488 	0.047 	0.46


 	IOP 	−0.401 	0.070 	−0.50


 	Mean deviation of the visual field 	−0.546 	0.010 	−0.90





The bold values represented statistically significant.
 

Multiple linear regression analysis was performed on all participants to identify factors independently associated with MVD (Table 5). The results showed a negative correlation between vascular density and mean deviation of the visual field [OR = −0.21 (−0.17, −0.26), p = 0.004]; and a positive correlation between vascular density and GCL thickness [OR = 0.18 (0.13, 0.23), p = 0.009]. In the multiple regression analysis, variables such as axial length, GCL/RNFL thickness, and VFMD maintained independent correlation. Additionally, insufficient sample size or statistical power may have affected the results of the multivariate regression analyses to some extent.


TABLE 5 Multiple linear regression analysis of the superficial MVD in all CPACG.


	Variables
	MVD



	OR
	95% CI
	p-value

 

 	Axial length 	0.11 	0.08, 0.19 	0.014


 	GCL thickness 	0.18 	0.13, 0.23 	0.009


 	RNFL thickness 	0.15 	0.10, 0.19 	0.026


 	Mean deviation of the visual field 	−0.21 	−0.17, −0.26 	0.004





The bold values represented statistically significant.
 




4 Discussion

Previous studies indicate that the macular region plays a crucial role in visual impairment in glaucomatous eyes. Therefore, the macula is recommended as an important site for evaluating glaucoma (10). Retinal ganglion cells are densely located within the macula (21). Through digital imaging, scientists found that the diameters of retinal arteries and veins in PACG eyes were restricted (22). It was inferred that mechanical compression might temporarily block blood flow through the eyes. If IOP can be effectively controlled, the microcirculation system might reopen to a certain degree. It has been reported that there are potential relationships among MVD, best corrected visual acuity, and the macular ganglion cell complex, indicating a correlation between a sharp decline in MVD and severe visual impairment (23). Dr. Kim et al. found that the thickness of the macular GCL and cpRNFL was prominent in the differential diagnosis of early, middle, and late glaucoma. Loss of RGCs can result in a reduction of macular thickness, which is associated with RNFL thinning and VF defects (24). Vascular blood flow directly supports the metabolic needs of RGCs, and changes in their density may better reflect the blood supply and damage to these cells, while visual field defects are directly related to the functional status of RGCs. However, high IOP is only one risk factor for injury, and its impact may indirectly lead to injury through multiple mechanisms. Its correlation with functional impairment may not be as strong as direct blood flow measurement (25, 26). Another study also suggested that in differentiated POAG and unaffected eyes, the diagnostic accuracy of MVD was higher than others, such as cpRNFL and GCL thickness (27). The retinal and choroidal VD in glaucoma was significantly reduced, especially in the early stages of the disease, which meant that VD changes might occur earlier and be more sensitive to changes in retinal structure (28). It indicated that MVD was of great significance in monitoring the progression, severity, and prognosis of glaucoma. This hypothesis needs to be verified through further clinical studies in a larger sample size.

It was first reported that across the primary angle closure disease spectrum, only PACG showed significant microvascular reduction, which was positively correlated with VFMD (29). Previous studies mainly focused on the impairment of macular microcirculation in acute PACG patients (30, 31). For the innovation of this study, we conducted a systematic analysis of MVD changes in different regions of the superficial capillary plexus in CPACG, and multiple linear regression analysis was performed to identify correlations between the superficial MVD and other glaucoma parameters. More importantly, all CPACG participants recruited were from Eastern coastal regions of China, which had rarely been reported in the epidemiological studies about glaucoma (32, 33). Our results indicated that the significant vascular deterioration of the macular superficial capillary plexus in CPACG eyes could be differentiated by OCTA. For the advanced CPACG eyes, the disappearance rate of MVD was markedly faster with a lower MVD baseline. A previous study reported a significantly lower MVD in advanced POAG eyes (34). Our results showed that compared to the normal controls, the differences of MVD in CPACG eyes were mainly reflected in the superficial capillary plexus and deep capillary plexus. For moderate-to-advanced eyes, the significant MVD decrease was shown only in the superficial capillary plexus compared to early eyes. This situation was different from other eye diseases, such as pathological myopia. The decrease in blood flow density in the deep capillary of patients with pathological myopia was more pronounced than in the superficial capillary, but the changes in each region were relatively uniform (35).

In addition, we also compared the VD value in different regions of the macula’s superficial capillary plexus. Compared with early CPACG eyes, the MVD decrease in moderate-to-advanced eyes was more significant in the temporal and inferior regions. It was consistent with previous studies suggesting that the greatest decline of VD in POAG eyes was predominantly in the macular region, especially in the infratemporal part (36, 37). It was suggested that the loss of retinal ganglion cells and their axons was selective, with the worst damage in the inferior and temporal quadrants, and that the microvascular damage in the macula started from the inferior-posterior and temporal-posterior quadrants, both of which coincided with the structural map of the axons and the visual field defects (37, 38).

Our results indicated that the deterioration of MVD over time in glaucomatous eyes might not be related to IOP. Macular microvascular injury in glaucoma might not only be a secondary result of elevated IOP but also an important cause of the development and progression of glaucoma. It was speculated that IOP did not affect the diagnostic efficacy of MVD in glaucomatous eyes, which was consistent with the relevant report (39). Besides, literature reported that a rapid decline in visual field damage was significantly correlated with age, hypertension, blood flow density, and other factors (40). Our results were different and showed that MVD changes were not related to age, but closely associated with axial length, GCL/RNFL thickness, and visual field damage.

In the normal population, a longer axial length (myopia) is usually accompanied by deeper intraocular structures, which theoretically provides a better microvascular spatial distribution. The axial length of CPACG patients is significantly shorter than that of the normal population, leading to a decrease in MVD and exacerbating vascular damage. Some clinical studies supported this viewpoint (41, 42), while another study suggested that the effect of axial length on retinal microvascular density depended on the measurement region (43). In the inner loop, VD significantly increased with increasing axial length, while in the outer ring, VD decreased as axial length increased. Linear regression analysis showed a positive correlation between inner ring VD and AL, and a negative correlation between outer ring VD and AL. Additionally, similar to findings in POAG studies, a positive correlation was found between MVD and visual field defects in CPACG patients (23, 34, 44). Unlike POAG, the decrease in vascular density in PACG may be independent of thinning of the nerve fiber layer (45), and macular vascular density is more predictive of visual field progression than optic disc vascular density (R2 = 12.5% vs. 3.3%) (40). Overall, MVD is considered a useful alternative indicator for analyzing the progression of glaucoma.

There were several limitations to this study. First, as a cross-sectional study, it was impossible to determine a causal relationship between vascular flow density and structural changes during glaucoma progression. The data from cross-sectional studies were collected at the same time point, making it difficult to determine causal relationships between variables and only providing associations, which may result in selection bias and recall bias. Additionally, the relatively small sample size may limit the statistical power of the study, potentially affecting the accuracy and reliability of the results. Future studies with larger sample sizes are needed to further validate our findings. Further longitudinal studies are needed to assess the ability of OCTA to predict glaucoma progression. Opacity of ocular media, such as cataracts, corneal edema, and vitreous hemorrhage, may interfere with image layering, leading to the misjudgment of vascular density or position. Opacity of ocular media is one of the common causes of OCTA artifacts, which may lead to bias and other issues, thereby affecting diagnostic accuracy. Finally, considering the multifactorial nature of MVD parameters, supplementary qualitative and quantitative macular vascular metrics should be considered in further studies to strengthen the study’s robustness.



5 Conclusion

This study indicated that OCTA could detect vascular deterioration in CPACG patients at different stages. MVD loss was more severe in advanced CPACG eyes. There was a close correlation between MVD, visual field damage, axial length, and GCL/RNFL thickness. Additionally, MVD is most closely associated with visual field damage.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by the Institutional Review Board of the affiliated hospital of Ningbo University. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

JZ: Formal analysis, Writing – original draft. QL: Conceptualization, Funding acquisition, Writing – original draft. HY: Investigation, Writing – original draft. BL: Investigation, Writing – original draft. JY: Investigation, Writing – original draft. TW: Investigation, Writing – original draft. FW: Conceptualization, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was supported by the Ningbo Clinical Research Center for Ophthalmology (2022L003) and the Ningbo “Innovation Yongjiang 2035” Key Technology Breakthrough program (2024Z233).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The author(s) declare that no Gen AI was used in the creation of this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References
	 1. Allison, K, Patel, D, and Alabi, O. Epidemiology of glaucoma: the past, present, and predictions for the future. Cureus. (2020) 12:e11686. doi: 10.7759/cureus.11686 
	 2. Tham, YC, Li, X, Wong, TY, Quigley, HA, Aung, T, and Cheng, CY. Global prevalence of glaucoma and projections of glaucoma burden through 2040: a systematic review and meta-analysis. Ophthalmology. (2014) 121:2081–90. doi: 10.1016/j.ophtha.2014.05.013 
	 3. Cheng, JW, Zong, Y, Zeng, YY, and Wei, RL. The prevalence of primary angle closure glaucoma in adult Asians: a systematic review and meta-analysis. PLoS One. (2014) 9:e103222. doi: 10.1371/journal.pone.0103222 
	 4. Harasymowycz, P, Birt, C, Gooi, P, Heckler, L, Hutnik, C, Jinapriya, D , et al. Medical Management of glaucoma in the 21st century from a Canadian perspective. J Ophthalmol. (2016) 2016:6509809. doi: 10.1155/2016/6509809
	 5. Zhang, M, Mao, GY, Ye, C, Fan, SJ, Liang, YB, and Wang, NL. Association of peripheral anterior synechia, intraocular pressure, and glaucomatous optic neuropathy in primary angle-closure diseases. Int J Ophthalmol. (2021) 14:1533–8. doi: 10.18240/ijo.2021.10.09 
	 6. Kim, HJ, Lee, SY, Park, KH, Kim, DM, and Jeoung, JW. Glaucoma diagnostic ability of layer-by-layer segmented ganglion cell complex by spectral-domain optical coherence tomography. Invest Ophthalmol Vis Sci. (2016) 57:4799–805. doi: 10.1167/iovs.16-19214 
	 7. Garas, A, Vargha, P, and Hollo, G. Diagnostic accuracy of nerve fibre layer, macular thickness and optic disc measurements made with the RTVue-100 optical coherence tomograph to detect glaucoma. Eye (Lond). (2011) 25:57–65. doi: 10.1038/eye.2010.139 
	 8. Wu, X, Konieczka, K, Liu, X, Chen, M, Yao, K, Wang, K , et al. Role of ocular blood flow in normal tension glaucoma. Adv Ophthalmol Pract Res. (2022) 2:100036. doi: 10.1016/j.aopr.2022.100036 
	 9. Ozturker, ZK, Munro, K, and Gupta, N. Optic disc hemorrhages in glaucoma and common clinical features. Can J Ophthalmol. (2017) 52:583–91. doi: 10.1016/j.jcjo.2017.04.011 
	 10. Chen, HS, Liu, CH, Wu, WC, Tseng, HJ, and Lee, YS. Optical coherence tomography angiography of the superficial microvasculature in the macular and peripapillary areas in glaucomatous and healthy eyes. Invest Ophthalmol Vis Sci. (2017) 58:3637–45. doi: 10.1167/iovs.17-21846 
	 11. Yarmohammadi, A, Zangwill, LM, Diniz-Filho, A, Suh, MH, Yousefi, S, Saunders, LJ , et al. Relationship between optical coherence tomography angiography vessel density and severity of visual field loss in Glaucoma. Ophthalmology. (2016) 123:2498–508. doi: 10.1016/j.ophtha.2016.08.041 
	 12. Tobe, LA, Harris, A, Hussain, RM, Eckert, G, Huck, A, Park, J , et al. The role of retrobulbar and retinal circulation on optic nerve head and retinal nerve fibre layer structure in patients with open-angle glaucoma over an 18-month period. Br J Ophthalmol. (2015) 99:609–12. doi: 10.1136/bjophthalmol-2014-305780 
	 13. Akagi, T, Iida, Y, Nakanishi, H, Terada, N, Morooka, S, Yamada, H , et al. Microvascular density in glaucomatous eyes with Hemifield visual field defects: an optical coherence tomography angiography study. Am J Ophthalmol. (2016) 168:237–49. doi: 10.1016/j.ajo.2016.06.009 
	 14. Scripsema, NK, Garcia, PM, Bavier, RD, Chui, TY, Krawitz, BD, Mo, S , et al. Optical coherence tomography angiography analysis of perfused peripapillary capillaries in primary open-angle glaucoma and normal-tension glaucoma. Invest Ophthalmol Vis Sci. (2016) 57:OCT611. doi: 10.1167/iovs.15-18945 
	 15. Chen, S, and Zhang, X. Microvascular density in glaucomatous eyes with hemifield visual field defects: an optical coherence tomography angiography study. Am J Ophthalmol. (2016) 170:248. doi: 10.1016/j.ajo.2016.08.019 
	 16. Wang, F, Zhang, Q, Deegan, AJ, Chang, J, and Wang, RK. Comparing imaging capabilities of spectral domain and swept source optical coherence tomography angiography in healthy subjects and central serous retinopathy. Eye Vis (Lond). (2018) 5:19. doi: 10.1186/s40662-018-0113-2 
	 17. Tan, Z, Lu, KL, Zhang, WC, Peng, SY, Wen, XJ, Dai, TT , et al. Comparative of OCT and OCTA parameters in patients with early chronic angle-closure glaucoma and early pituitary adenoma. Sci Rep. (2024) 14:21448. doi: 10.1038/s41598-024-71103-0 
	 18. Li, F, Huo, Y, Ma, L, Yan, X, Zhang, H, Geng, Y , et al. Clinical observation of macular choroidal thickness in primary chronic angle-closure glaucoma. Int Ophthalmol. (2021) 41:4217–23. doi: 10.1007/s10792-021-01988-7 
	 19. El Basty, A, Gaber, R, Elmaria, A, Sabry, M, and Hussein, TR. Correlation between changes in Lamina Cribrosa structure and visual field in primary open-angle glaucoma. Clin Ophthalmol. (2021) 15:4715–22. doi: 10.2147/OPTH.S343019 
	 20. Spaide, RF, Klancnik, JM Jr, and Cooney, MJ. Retinal vascular layers imaged by fluorescein angiography and optical coherence tomography angiography. JAMA Ophthalmol. (2015) 133:45–50. doi: 10.1001/jamaophthalmol.2014.3616 
	 21. Huang, HL, Wang, GH, Niu, LL, and Sun, XH. Three-dimensional choroidal vascularity index and choroidal thickness in fellow eyes of acute and chronic primary angle-closure using swept-source optical coherence tomography. Int J Ophthalmol. (2024) 17:42–52. doi: 10.18240/ijo.2024.01.06 
	 22. Gao, J, Liang, Y, Wang, F, Shen, R, Wong, T, Peng, Y , et al. Retinal vessels change in primary angle-closure glaucoma: the Handan eye study. Sci Rep. (2015) 5:9585. doi: 10.1038/srep09585 
	 23. Zhang, Y, Zhang, S, Wu, C, Zhang, Y, Bian, A, Zhou, Q , et al. Optical coherence tomography angiography of the macula in patients with primary angle-closure Glaucoma. Ophthalmic Res. (2021) 64:440–6. doi: 10.1159/000512756 
	 24. Dhabarde, KA, Kende, RP, Rahul, NV, Surabhi, and Nangare, AR. Structure-function relationship and diagnostic value of macular ganglion cell complex measurement using Fourier-domain OCT in glaucoma. Indian J Ophthalmol. (2024) 72:363–9. doi: 10.4103/IJO.IJO_771_23 
	 25. Yang, WH, Shao, Y, and Xu, YW. Guidelines on clinical research evaluation of artificial intelligence in ophthalmology. Int J Ophthalmol. (2023) 16:1361–72. doi: 10.18240/ijo.2023.09.02
	 26. Ma, ZW, Qiu, WH, Zhou, DN, Yang, WH, Pan, XF, and Chen, H. Changes in vessel density of the patients with narrow antenior chamber after an acute intraocular pressure elevation observed by OCT angiography. BMC Ophthalmol. (2019) 19:132. doi: 10.1186/s12886-019-1146-6 
	 27. Zhang, S, Wu, C, Liu, L, Jia, Y, Zhang, Y, Zhang, Y , et al. Optical coherence tomography angiography of the peripapillary retina in primary angle-closure Glaucoma. Am J Ophthalmol. (2017) 182:194–200. doi: 10.1016/j.ajo.2017.07.024 
	 28. Shiga, Y, Nishida, T, Jeoung, JW, di Polo, A, and Fortune, B. Optical coherence tomography and optical coherence tomography angiography: essential tools for detecting Glaucoma and disease progression. Front Ophthalmol (Lausanne). (2023) 3:3. doi: 10.3389/fopht.2023.1217125 
	 29. Tun, TA, Atalay, E, Liu, A, Liu, C, Aung, T, and Nongpiur, ME. Optical coherence tomography angiography assessment of optic nerve head and macula across the primary angle closure disease spectrum. J Glaucoma. (2024) 33:924–30. doi: 10.1097/IJG.0000000000002488 
	 30. Liu, K, Xu, H, Jiang, H, Wang, H, Wang, P, Xu, Y , et al. Macular vessel density and foveal avascular zone parameters in patients after acute primary angle closure determined by OCT angiography. Sci Rep. (2020) 10:18717. doi: 10.1038/s41598-020-73223-9 
	 31. Wang, R, Yang, J, Shi, L, Qu, Y, Xu, D, Liu, Y , et al. Changes of macular blood flow and structure in acute primary angle closure glaucoma. Int Ophthalmol. (2022) 42:3789–801. doi: 10.1007/s10792-022-02399-y 
	 32. Jin, S, Xiong, K, Wang, L, and Liang, YB. Trends in prevalence of glaucoma and its characteristics in China: a meta-analysis. Chin J Ophthalmol Med (Electronic Edition). (2022) 12:332–40. doi: 10.3877/cma.j.issn.2095-2007.2022.06.003
	 33. Gong, D, Li, WT, Li, XM, Wan, C, Zhou, YJ, Wang, SJ , et al. Development and research status of intelligent ophthalmology in China. Int J Ophthalmol. (2024) 17:2308–15. doi: 10.18240/ijo.2024.12.20 
	 34. Xu, H, Yu, J, Kong, X, Sun, X, and Jiang, C. Macular microvasculature alterations in patients with primary open-angle glaucoma: a cross-sectional study. Medicine (Baltimore). (2016) 95:e4341. doi: 10.1097/MD.0000000000004341 
	 35. Mo, J, Duan, A, Chan, S, Wang, X, and Wei, W. Vascular flow density in pathological myopia: an optical coherence tomography angiography study. BMJ Open. (2017) 7:e013571. doi: 10.1136/bmjopen-2016-013571 
	 36. Lommatzsch, C, Rothaus, K, Koch, JM, Heinz, C, and Grisanti, S. OCTA vessel density changes in the macular zone in glaucomatous eyes. Graefes Arch Clin Exp Ophthalmol. (2018) 256:1499–508. doi: 10.1007/s00417-018-3965-1 
	 37. Zhang, X, Xiao, H, Liu, C, Zhao, L, Wang, J, Li, H , et al. Comparison of macular structural and vascular changes in neuromyelitis optica spectrum disorder and primary open angle glaucoma: a cross-sectional study. Br J Ophthalmol. (2021) 105:354–60. doi: 10.1136/bjophthalmol-2020-315842 
	 38. Jonas, JB, Aung, T, Bourne, RR, Bron, AM, Ritch, R, and Panda-Jonas, S. Glaucoma. Lancet. (2017) 390:2183–93. doi: 10.1016/S0140-6736(17)31469-1 
	 39. Asrani, SG, McGlumphy, EJ, al-Aswad, LA, Chaya, CJ, Lin, S, Musch, DC , et al. The relationship between intraocular pressure and glaucoma: an evolving concept. Prog Retin Eye Res. (2024) 103:101303. doi: 10.1016/j.preteyeres.2024.101303 
	 40. Rao, HL, Srinivasan, T, Pradhan, ZS, Sreenivasaiah, S, Rao, DAS, Puttaiah, NK , et al. Optical coherence tomography angiography and visual field progression in primary angle closure Glaucoma. J Glaucoma. (2021) 30:e61–7. doi: 10.1097/IJG.0000000000001745 
	 41. Dan, YS, Cheong, KX, Lim, SY, Wong, QY, Chong, RS, Wong, CW , et al. Quantitative assessment of the choroidal vasculature in myopic macular degeneration with optical coherence tomographic angiography. Front Ophthalmol (Lausanne). (2023) 3:1202445. doi: 10.3389/fopht.2023.1202445 
	 42. He, J, Chen, Q, Yin, Y, Zhou, H, Fan, Y, Zhu, J , et al. Association between retinal microvasculature and optic disc alterations in high myopia. Eye (Lond). (2019) 33:1494–503. doi: 10.1038/s41433-019-0438-7 
	 43. Juliano, J, Burkemper, B, Lee, J, Nelson, A, LeTran, V, Chu, Z , et al. Longer axial length potentiates relationship of intraocular pressure and peripapillary vessel density in glaucoma patients. Invest Ophthalmol Vis Sci. (2021) 62:37. doi: 10.1167/iovs.62.9.37 
	 44. Li, Z, Xu, Z, Liu, Q, Chen, X, and Li, L. Comparisons of retinal vessel density and glaucomatous parameters in optical coherence tomography angiography. PLoS One. (2020) 15:e0234816. doi: 10.1371/journal.pone.0234816 
	 45. Jo, YH, Sung, KR, and Yun, SC. The relationship between peripapillary vascular density and visual field sensitivity in primary open-angle and angle-closure glaucoma. Invest Ophthalmol Vis Sci. (2018) 59:5862–7. doi: 10.1167/iovs.18-25423 


Copyright
 © 2025 Zhang, Lu, Yu, Liu, Yang, Wang and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Macular vascular density changes in different stages of chronic primary angle-closure glaucoma



		1 Introduction



		2 Materials and methods



		2.1 Optical coherence tomography angiography



		2.2 Statistical analysis









		3 Results



		3.1 Comparison of general clinical data



		3.2 Determination of MVD in multiple layers of the macular region



		3.3 The correlation between macular blood flow density and structure









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		References



















OPS/images/fmed-12-1620673-g001.jpg
ILM-RPE:225m
BM-CSI :184pm
ETDRS :1-3-6mm

FB1: 507/1024





OPS/images/fmed-12-1620673-g002.jpg
1LM)1PLE) ILMO)PLO)
ETORS:1-3.6mm ETORS:1-3-6mm

ﬁﬂv
y 81371024

TEN o






OPS/images/cover.jpg
’ frontiers = Frontiers in Medicine

Macular vascular density changes
in different stages of chronic
primary angle-closure glaucoma












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Medicine






