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Background: Acute primary angle closure (APAC) is a leading cause of irreversible blindness. Recent studies suggest lens zonular
laxity plays a critical role in APAC pathogenesis, though its clinical detection remains challenging due to overlapping symptoms with
cataract. This study investigates the prevalence of subclinical zonular degeneration in APAC patients and its correlation with ocular
biometric parameters.

Methods: This retrospective cohort study included 65 APAC patients (mean age 62.3 + 8.7 years) undergoing phacoemulsification at
Zibo Central Hospital (November 2021-May 2023). Patients were stratified into three groups based on intraoperative zonular status:
normal zonula (APAC-NZ, n=14), mild zonular laxity (APAC-ZL, n=39), and significant zonular laxity (APAC-SZL, n=12).
Preoperative axial length (AL), lens thickness (LT), and anterior chamber depth (ACD) were measured using IOLMaster 5.0 and
swept-source UBM.

Results: A high prevalence (78.5%, 51/65) of undiagnosed zonular degeneration was observed. Significant differences were found in sitting
ACD (2.25£0.17 mm vs 1.75 + 0.19 mm), supine ACD (1.72 = 0.11 mm vs 1.27 + 0.12 mm), and LT (5.10 = 0.28 mm vs 5.41 + (.38 mm)
between APAC-NZ and APAC-SZL groups (P<0.05). Similar differences were noted between APAC-SZL and APAC-ZL groups (P<0.05).

Conclusion: This study introduces a novel stratification of APAC patients by zonular laxity severity and reveals distinct biometric
profiles across subgroups. We demonstrate a high prevalence of undiagnosed zonulopathy in APAC patients, associated with thicker
lenses and shallower anterior chambers. A key limitation is the subjective classification of zonular laxity, based solely on intraopera-
tive observations. Future studies should develop objective imaging protocols for improved detection and management.
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Introduction

Acute primary angle closure (APAC) is a sight-threatening ophthalmic emergency that requires immediate intervention to
prevent severe and irreversible vision loss.' Emerging evidence suggests that lens zonular abnormalities play a significant role
in the pathogenesis of APAC, contributing to the displacement of the iris-lens diaphragm, anterior chamber shallowing, and angle
closure.>* Notably, reported prevalence rates of zonular laxity in APAC vary considerably across studies, ranging from
approximately 30% to over 70%, highlighting the need for more standardized diagnostic criteria.*”’

Recent studies have significantly advanced our understanding of zonulopathy in angle closure disease. Salimi et al®
first systematically documented the high prevalence of zonulopathy in primary angle closure disease, reporting a rate of
69% in their cohort and highlighting the clinical significance of this underdiagnosed condition. Subsequent work by
Zhang et al® further delineated biometric characteristics associated with zonular weakness, identifying several anterior
segment parameters that may serve as preoperative predictors. More recently, Chen et al” conducted a comprehensive
analysis of ocular biometric characteristics in acute angle closure with and without zonular laxity, providing valuable

insights into the distinct anatomical features associated with zonular insufficiency. Our study builds upon this growing
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body of evidence by introducing a novel three-tier stratification system for zonular laxity and investigating its relation-
ship with multiple biometric parameters under varying positional conditions.

Zonulopathy not only exacerbates the disease but also complicates surgical management, as patients with zonular
abnormalities are at higher risk of intraoperative and postoperative complications.® '° In recent years, phacoemulsifica-
tion with intraocular lens implantation combined with goniosynechialysis has emerged as the primary surgical interven-
tion for APAC.""'? Intraoperative assessment of zonular laxity, particularly through observations during continuous
curvilinear capsulorhexis (CCC), such as capsular bag displacement and anterior capsule wrinkling, has proven to be
a reliable method for evaluating zonular instability.>'® These subtle indicators, frequently undetectable during preopera-
tive examination, offer crucial intraoperative guidance for surgical planning and technique modification.'*'?

This study aims to analyze ocular biometric parameters in APAC patients with varying degrees of zonular laxity,
focusing on identifying differences in these parameters among patient subgroups. By exploring the relationship between
zonular laxity and specific biological markers, this research seeks to establish effective diagnostic indicators for
zonulopathy severity. The findings may provide a theoretical foundation for improving preoperative diagnosis and
optimizing surgical strategies for APAC patients with zonular abnormalities.

Materials and Methods
Study Design and Patients

This retrospective study was conducted at Zibo Central Hospital, Shandong Province, China, following approval from the
hospital’s Human Research Ethics Committee and in accordance with the principles of the Declaration of Helsinki.
Written informed consent was obtained from all participants prior to their inclusion in the study.

Medical records of patients diagnosed with both acute primary angle closure (APAC) and cataract, who underwent
cataract surgery between November 1, 2021, and May 31, 2023, were retrospectively reviewed from November 1, 2023,
to November 30, 2023. All patients underwent comprehensive preoperative ocular examinations, including best-corrected
visual acuity, slit-lamp microscopy, gonioscopy, Goldmann intraocular pressure (IOP) measurements, fundus examina-
tions, and biometric assessments using the IOL Master. Key ocular biometric parameters, such as axial length (AL),
anterior chamber depth (ACD), and lens thickness (LT), were recorded. Additionally, ultrasound biomicroscopy (UBM)
was performed by a single experienced ophthalmologist to evaluate lens position and supine ACD. Both sitting and
supine ACD were measured, allowing for a more comprehensive assessment of anterior chamber dynamics under
different positional conditions. All surgical procedures were conducted by the same experienced surgeon.

Based on intraoperative observations of zonular laxity, patients were categorized into three groups: the normal zonule
group (APAC-NZ), the mild zonular laxity group (APAC-ZL), and the significant zonular laxity group (APAC-SZL).
This stratification allowed for comparative analysis of ocular biometric parameters among the groups.

Inclusion and Exclusion Criteria

Acute angle closure was described as'* (1) having at least two of the following symptoms: pain in the eye or around the
eye; feelings of nausea and/or episodes of vomiting; and a past of vision becoming unfocused intermittently with haloes;
(2) having an IOP reading higher than 21 mmHg during a Goldmann applanation tonometry test; (3) showing at least
three of the following signs: redness in the conjunctiva, swelling in the corneal epithelium, pupil that is partially dilated
and unresponsive to light, and a shallow space in the front of the eye; and (4) having evidence of angle closure observed
during a gonioscopy examination.

All participants received surgery for APAC, where the phacoemulsification cataract extraction with intraocular lens
implantation along with goniosynechialysis were performed by a single ophthalmologist. During surgery, CCC was
performed using capsulorhexis forceps and no capsular tension rings were implanted in any of the cases. Previous
research has indicated that eyes exhibiting movement of the complete capsular bag during the capsular flap propagation,
anterior capsule striae during CCC, and lack of zonular dehiscence were identified as APAC with zonular laxity.”*'° In
this study, the movement of the entire capsular bag during propagation of the capsular flap and anterior capsule striae
during CCC intraoperatively without zonular dehiscence was defined as APAC with zonular laxity. In addition, in some
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cases, the capsular bag was unstable during phacoemulsification and cortex infusion. Elongated lens zonule without
zonular dehiscence, equator of lens, irregular anterior capsule orifice and fold of posterior capsule were found after the
cortex infusion, which were diagnosed as APAC with significant zonular laxity. Patients with shallow anterior chamber
and narrow angle in both eyes, but lacking indications of zonular laxity, were identified as APAC without zonular laxity.”

The exclusion criteria for this study included individuals with a history of acute angle closure (AAC) attack or
primary angle closure glaucoma in either eye, lens subluxation due to zonular dehiscence detected preoperatively by
ultrasound biomicroscopy scan or during surgery, history of ocular surgeries such as peripheral iridotomy or iridoplasty,
or trauma, and AAC caused by other ocular diseases like pseudoexfoliation syndrome, retinitis pigmentosa, Marfan
syndrome, homocystinuria, Weill-Marchesani syndrome.’

Statistical Analysis

The statistical analysis was conducted using version 27.0 of SPSS (IBM Corporation, Armonk, NY, USA). The mean +
standard deviation was used to express quantitative data. One-way analysis of variance was applied to analyze
quantitative data. The Chi-squared test was used to analyze categorical data. A significance level of P < 0.05 was
utilized to determine statistical significance.

Results

This study included 65 participants with a total of 65 eyes affected. No zonular abnormalities were found in 65 cases through
detailed preoperative examination. According to the intraoperative observation of zonular status, 39 eyes belonged to the
cohort with zonular laxity, while 12 eyes belonged to the cohort with significant zonular laxity, and 14 eyes belonged to the
normal zonule cohort. Table 1 summarizes the demographics and past trauma histories of the 3 groups. Although there was
a higher number of females in both groups, the variation in the gender ratio between the groups did not demonstrate any
statistical significance (P = 0.773). None of the subjects exhibited any prior eye or head injuries. The age distribution
demonstrated no noteworthy variations across the three cohorts (P = 0.941). It should be noted that the relatively small sample
size in the APAC-SZL group (n=12) may limit the statistical power for detecting more subtle group differences.

Table 2 illustrates inter-eye comparisons between the affected eyes and their corresponding unaffected eyes of the
APAC-NZ group, the APAC-ZL group and the APAC-SZL group. The ACD, LT and AL of the affected eyes show no
significant difference with the unaffected eyes in both groups (all P > 0.05). Our results stand in contrast to several
previous studies that consistently reported significant interocular asymmetries in anterior segment parameters among
APAC patients.” First, unlike previous studies that included patients with unilateral anatomical predisposition, our cohort
exclusively comprised bilateral narrow angle cases, creating a more symmetric baseline population. Second, the limited
sample size in our APAC-SZL subgroup (n=12) reduces statistical power to detect subtle inter-eye differences. Third,
zonular laxity in APAC may represent a fundamentally bilateral process, with acute attacks being precipitated by
dynamic factors such as pupillary block rather than anatomical asymmetry—a view corroborated by Zhang et al® who
reported similar bilateral involvement.

Table | The Demographic and Past Histories of the Normal Zonule, Zonular
Laxity and Significant Zonular Laxity Cohorts

Variables APAC-NZ | APAC-ZL | APAC-SZL | F value | P value
No. of subjects 14 39 12

Age (y) 65.86 £7.75 | 66.59 +8.34 | 66.92+ 8.03 | 0.06l 0.941
Sex (Male:Female) | 4:10 9:30 4:8 0.773
Surgery history 0 0 0

Trauma history 0 0 0

Note: P<0.05 indicates values with statistical significance.

Abbreviations: APAC-NZ, acute primary angle closure associated with normal zonule; APAC-ZL, acute
primary angle closure associated with zonular laxity; APAC-SZL, acute primary angle closure associated
with significant zonular laxity.
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Table 2 The Intereye Comparison of Subjects in the the Normal Zonule,
Zonular Laxity and Significant Zonular Laxity Groups

Variables Affected Eye | Fellow Eye | P value
APAC-NZ | Sitting ACD (mm) | 2.25 £0.17 2.21+0.23 0.256
Supine ACD (mm) | 1.72 £0.11 1.73 £0.15 0.498
LT (mm) 5.10 £0.28 5.05 £0.28 0.987
AL (mm) 22,51+ 081 22.39+ 0.74 | 0.939
APAC-ZL Sitting ACD (mm) | 2.19 £0.24 2.25 £0.29 0.444
Supine ACD (mm) | 1.62+ 0.17 1.65+ 0.17 0.746
LT (mm) 5.08 +0.34 5.06 +0.38 0.848
AL (mm) 22.32 +0.76 22.38 +0.78 | 0.467
APAC-SZL | Sitting ACD (mm) | 1.75 £0.19 1.80 +0.28 0.288
Supine ACD (mm) | .27+ 0.12 .43+ 0.18 0.197
LT (mm) 541 +0.38 5.39+0.36 0.834
AL (mm) 22.24+ 0.58 22.33+ 0.58 | 0.888

Note: P<0.05 indicates values with statistical significance.

Abbreviations: APAC-NZ, acute primary angle closure associated with normal zonule;
APAC-ZL, acute primary angle closure associated with zonular laxity; APAC-SZL, acute
primary angle closure associated with significant zonular laxity; ACD, anterior chamber
depth; LT, lens thickness; AL, axial length.

Tables 3 and 4 present the ocular biometric data of the 3 cohorts. There was no statistically difference in sitting ACD
[(2.25 £0.17) mm vs (2.19 £0.24) mm], supine ACD[(1.72 £0.11) mm vs (1.62+ 0.17) mm], LT[(5.10 £0.28) mm vs
(5.08 £0.34) mm] and AL[(22.51% 0.81) mm vs (22.32 £0.76) mm] between APAC-NZ group and the APAC-ZL group
(P=0.396, P=0.052, P=0.804, P=0.423). Sitting ACD[(2.25 +0.17) mm vs (1.75 £0.19) mm], supine ACD[(1.72 £0.11)
mm vs (1.274 0.12) mm] and LT[(5.10 £0.28) mm vs (5.41 £0.38) mm] showed statistical difference between APAC-NZ
group and the APAC-SZL group (P=0.000, P=0.000, P=0.027). Comparing the APAC-SZL group to the APAC-ZL
group, sitting ACD[(1.75 £0.19) mm vs (2.19 +£0.24) mm], supine ACD[(1.27+ 0.12) mm vs (1.62+ 0.17) mm], LT[(5.41
+0.38) mm vs (5.08 £0.34) mm] reached statistical significance (P=0.000, P=0.000, P=0.006).

Compared with the other two groups, the values of ACD and LT in the APAC-SZL group were significantly different,
which indicated that the zonula may be significant abnormal in APAC patients with a thicker LT and a shallower ACD.

Figure 1A—C, show representative cases from the APAC-SZL group, the APAC-ZL group and the APAC-NZ group
respectively. Before the cataract surgery, a 70-year-old woman experienced an APAC attack in her left eye, characterized by
a peak IOP of 60mmHg. After duration of around 2 weeks, surgical intervention was performed on her left eye. The UBM
images obtained prior to the surgery exhibited indications of a shallow anterior chamber depth in both eyes. During the

operation, wrinkles appeared in the anterior capsule during CCC. The capsular bag was unstable during phacoemulsification

Table 3 The Ocular Biometric Data from Affected Eyes of the Normal
Zonule, Zonular Laxity and Significant Zonular Laxity Cohorts

Variables | Sitting ACD | Supine ACD | LT AL

(mm) (mm) (mm) (mm)
APAC-NZ | 2.25 +0.17 1.72 £0.11 5.10 £0.28 | 22.51+ 0.81
APAC-ZL | 2.19 £0.24 1.62+ 0.17 5.08 +0.34 | 22.32 +0.76
APAC-SZL | 1.75 £0.19 1.27£ 0.12 541 +£0.38 | 22.24+ 0.58
F value 21.465 33.609 4.525 0.500
P value 0.000* 0.000* 0.015* 0.609

Note: Values with statistical significance are indicated with an asterisk (*P<0.05).
Abbreviations: APAC-NZ, acute primary angle closure associated with normal zonule;
APAC-ZL, acute primary angle closure associated with zonular laxity; APAC-SZL, acute
primary angle closure associated with significant zonular laxity; ACD, anterior chamber
depth; LT, lens thickness; AL, axial length.
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Table 4 The Pairwise Comparison of Ocular Biometric Data from the Normal Zonule,
Zonular Laxity and Significant Zonular Laxity Cohorts

Variables t/P value | Sitting ACD | Supine ACD | LT AL
APAC-NZ vs APAC-ZL t value 0.855 1.993 0.249 0.807
P value 0.396 0.052 0.804 0.423
APAC-NZ vs APAC-SZL | t value 7.043 10.75 2.350 0.966
P value 0.000* 0.000* 0.027% | 0.344
APAC-ZL vs APAC-SZL | t value 5.784 6.764 2.848 0.325
P value 0.000%* 0.000%* 0.006* | 0.747

Note: Values with statistical significance are indicated with an asterisk (*P<0.05).

Abbreviations: APAC-NZ, acute primary angle closure associated with normal zonule; APAC-ZL, acute

primary angle closure associated with zonular laxity; APAC-SZL, acute primary angle closure associated with

significant zonular laxity; ACD, anterior chamber depth; LT, lens thickness; AL, axial length.
and cortex infusion. Intraocular hypertension and iris prolapse were observed during phacoemulsification. Anterior capsule
orifice is irregular after implantation of the IOL because of significant zonular laxity (Figure 1A). The capsular bag instability,
intraocular hypertension and iris prolapse were observed during phacoemulsification in 8 of the 12 cases in the APAC-SZL
group. Figure 1B shows the images of a 77-year-old man with a history of APAC attack in his right eye. His peak IOP was
45mmHg. During the operation, there were wrinkles in capsulorhexis, no rupture of the zonule and no significant change in
capsulorhexis after injection and suction of the cortex. A 75-year-old man suffering from APAC for two weeks underwent
phacoemulsification combined with goniosynechialysis. The the capsular bag were stable and no anterior capsule striac were
found during CCC intraoperatively (Figure 1C).

— T &Zmm

Figure 1 The UBM image, anterior segment photography and observations during cataract phacoemulsification surgery. (Al and Bl and CI) Anterior segment
photography and (A2 and B2 and C2) UBM image indicate shallow anterior chamber. (A3) Blue arrow shows irregular wrinkles of the anterior capsule during continuous
circular capsulorhexis. (B3) Blue arrow shows regular wrinkles of the anterior capsule during continuous circular capsulorhexis. (C3) Blue arrow shows no wrinkles of the
anterior capsule during continuous circular capsulorhexis. (A4) Yellow arrows indicate the irregular anterior capsule orifice after implantation of the IOL. (B4 and C4)
Yellow arrows indicate the regular anterior capsule orifice after implantation of the IOL.
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Discussion

The lens has been strongly implicated as a central anatomical factor in APAC development.*>:'>'® Pathogenic mechan-
isms primarily include increased lens thickness and anterior positioning, heightened anterior lens curvature leading to
anterior segment crowding, as well as pupillary and lenticular blocks, all of which may precipitate elevated intraocular
pressure.®!>-1¢

In the present study, we observed a higher prevalence of zonular abnormalities in APAC eyes. These compromised
zonular fibers were associated with characteristic lenticular changes, including lens thickening and anterior protrusion,
manifesting as a steeper anterior lens curvature, greater lens vault, and anterior displacement of the iris-lens diaphragm.
The resultant forward shift of the lens secondary to zonular incompetence appears closely related to angle narrowing and
closure, underscoring its significant contribution to APAC pathogenesis.

The present study analyzed ocular biometric parameters in APAC patients with age-related cataracts who showed no
preoperative signs of zonular laxity on slit-lamp or UBM examination but were intraoperatively confirmed to have zonular
weakness. Notably, 78.5% of the cohort exhibited intraoperative zonular laxity that had been missed by conventional
preoperative screening. These findings underscore the diagnostic challenges associated with subtle zonular insufficiency. As
reported in the literature, conventional slit-lamp examination rarely identifies early zonular weakness in the absence of marked
phacodonesis or lens subluxation.'” Although UBM allows improved visualization of the ciliary body and zonular structures,
its resolution remains inadequate for reliably detecting partial or diffuse zonular degeneration.'™'® In our series, UBM missed
78.5% of surgically confirmed zonular weakness cases. This high miss rate aligns with the established sensitivity range of
45-65% and specificity of 70-85% reported for UBM in detecting such abnormalities.'®'® The 78.5% prevalence of zonular
abnormalities observed in our APAC cohort is notably higher than the 60—~70% range reported in most previous studies.>® We
have identified several factors that may explain this discrepancy. Our study specifically enrolled APAC patients requiring
surgery, who likely represent a more advanced disease stage than those in broader APAC cohorts. Furthermore, our systematic
intraoperative assessment protocol was designed to capture subtle signs of zonular weakness—such as anterior capsule
wrinkling during capsulhexis and mild capsular bag instability—that are often missed in routine surgical documentation.

At present, the standard for diagnosing zonular laxity is based on intraoperative manifestations.* ® In this study,
the degree of zonular laxity was graded according to intraoperative findings, and the results varied greatly among
different degrees. There was no statistically difference in ACD, LT or AL between the APAC-NZ group and the
APAC-ZL group. However, compared with APAC-SZL group, the differences in ACD and LT were statistically
significant. Salimi et al’ also found that a shallower ACD may indicate lens zonular abnormality through a logistic
regression analysis. An earlier study discovered that shallow ACD and thick LT were associated with increased
proportion of zonulopathy.® Chen’s research’ showed that ACD was smaller in APAC patients with zonular laxity
than in patients without zonular laxity and were smaller in affected eyes than in fellow eyes in APAC patients. Our
results revealed that there were no significant difference in ACD, LT, and AL between affected eyes and fellow
eyes in both groups. The small sample size may be the reason for the discrepancy in the results.

Significant zonular laxity is a concerning factor that has been linked to various complications during surgery and
negative outcomes after surgery. These complications include vitreous prolapse, capsular rupture or contraction, and IOL
decentration or dislocation.®*'* Previous research®'>'® has indicated that eyes exhibiting movement of the complete
capsular bag during the capsular flap propagation, anterior capsule striae during CCC, and lack of zonular dehiscence
were identified as APAC with zonular laxity. This study found that in addition to the above manifestations, in some cases
the capsular bag was unstable during phacoemulsification and cortex infusion. Elongated lens zonule without zonular
dehiscence, equator of lens, irregular anterior capsule orifice and fold of posterior capsule were found after the cortex
infusion, which were diagnosed as APAC with significant zonular laxity. There was no significant difference in the
biological parameters of these cases with zonular laxity compared with the other two groups, while there was
a significant difference between the cases with significant zonular laxity compared with the other two groups. In previous
studies on zonular laxity, the degree of laxity was not graded. The difference in biological parameters of significant
zonular laxity is more clinically significant and can provide greater guidance for surgery.

The intraoperative use of a capsular tension ring (CTR) has been shown to be beneficial in eyes with evidence of zonular
weakness, as it can help prevent complications both during and after surgery.>*° The CRT serves the important function of
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maintaining the circular contour of the capsule, while also distributing forces equally over the weakened zonula. This helps to
minimize the risk of applying excessive and uneven force to areas with zonular weakness, reducing the likelihood of further
damage or complications. Some researchers have found that the implantation of CRT is related to the occurrence of
malignant glaucoma.>'** The contact of CTR and the ciliary body could induce an apparent ciliary block.>"** In this
study, in the APAC-SZL group, the IOL was implanted with no CRT implanted, and the 1-year follow-up showed that the
IOL was located in a good position, indicating that good surgical results could be achieved without the CRT.

There are some limitations to our study that should be discussed. The sample size of this study is relatively
small, which limited the statistical power of our analysis and maybe the reason for the low proportion of
significant zonular laxity. In addition, the lack of extended patient surveillance may have potentially contributed
to the underestimation of adverse events in the long-term. Further well-designed and large-sized studies may be
required to further study the relationship between zonule and angle-closure glaucoma. Furthermore, an important
limitation of this study is the inherent subjectivity in classifying zonular laxity, as it relied entirely on intrao-
perative observation in the absence of objective, quantifiable metrics. Future research efforts should therefore be
directed toward establishing standardized parameters to objectify this assessment.

Conclusions

The proportion of underdiagnosed zonulopathy among APAC patients is high. Our data suggest an association between
more severe zonular abnormality and a combination of a thicker lens and a shallower anterior chamber in APAC patients.
However, this preliminary finding necessitates further large-sized investigations to establish its clinical validity and
diagnostic value.

Data Sharing Statement

The data underlying this article will be shared on reasonable request to the corresponding author.
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