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We retrospectively investigated the relationship between Schlemm’s canal incision length and the 
results of ab interno gonioscopy-assisted transluminal suture trabeculotomy (GATST) with/without 
cataract surgery in open-angle glaucoma patients at Tsukazaki Hospital from 2018–2021. The study 
included 113 eyes from 76 patients (age: 70.0 ± 10.8 years; female/male: 43 [56.6%]/33 [43.4%]). GATST 
with and without cataract surgery was performed on 87 (phakia) [77.0%] and 26 eyes (pseudophakia) 
[23.0%], respectively; 102 [90.3%] eyes had primary open-angle glaucoma, and 11 [9.7%] had 
pseudoexfoliation glaucoma. Intraocular pressure (IOP) significantly decreased at 3/6/12 months, 
and the antiglaucoma eyedrop number significantly decreased at 6/12 months (all P values < 0.001). 
Linear mixed-effects models showed that incision length had significant positive associations with 
IOP spikes, hyphema grade, and IOP changes (amount/percentage) at 6 months; surgical success rate 
(IOP ≤ 15 mmHg, ≥ 20% reduction, no additional surgeries [criterion B]) at 6/12 months; and surgical 
success rate (IOP ≤ 21 mmHg, ≥ 20% reduction, no additional surgeries [criterion A]) at 12 months 
(Ps < 0.05). There were no significant associations with IOP changes at 12 months, surgical success 
rate (criterion A) at 6 months, or antiglaucoma eyedrop number at either timepoint (Ps > 0.05). Longer 
incisions were more likely to produce greater IOP reduction, requiring more attention to IOP spikes/
hyphema.
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Minimally invasive or microinvasive glaucoma surgery (MIGS) via an intraocular approach has become popular 
recently. Various MIGS procedures have been introduced using novel devices, including the trabectome, iStent, 
Kahook Dual Blade, transluminal microcatheter or suture, and Tanito microhook1–5. Each procedure has its own 
advantages and disadvantages. Gonioscopy-assisted transluminal suture trabeculotomy (GATST) performed ab 
interno permits a 360° incision through a single surgical field. In most cases, once the thread passes through 
Schlemm’s canal, the inner wall can be incised without seriously damaging the outer wall. Trabeculotomy lowers 
intraocular pressure (IOP) by improving aqueous humor outflow into the trabecular meshwork via resistance 
reduction into Schlemm’s canal. In the search for effective and less invasive procedures, although there is a long-
standing debate about the effects of differences in the length and location of Schlemm’s canal incision on GATST 
results, these effects have yet to be confirmed. Tanihara et al.6 reported a 5-year postoperative surgical success 
rate of 58.0–73.5% for a 120° incision in Schlemm’s canal using metallic probes, suggesting that a particular 
incision width is sufficient to achieve favorable surgical efficacy. Manabe et al.7 reported that the IOP reduction 
and surgical treatment success rate of suture trabeculotomy ab externo did not differ among incisions ranging 
from 150° to 320°. Sato et al.8 showed that there were no significant differences between the effects of upper 180°, 
lower 180°, and 360° incisions on IOP reduction or surgical treatment success rates of ab interno GATST. Mori 
et al.9 reported that there was no significant difference in the 1-year success rate between surgeries performed 
using 1- and 2-quadrant incisions in Schlemm’s canal using μLOT, and Okada et al.10 demonstrated that surgical 
outcomes were not significantly different between surgeries involving 120° and 180° incisions in Schlemm’s 
canal. Zhang et al.11 reported that there was similar efficacy in reducing IOP and the number of medications 
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used in primary open-angle glaucoma (POAG) patients among 120°, 240°, and 360° goniotomy; a microhook 
was used for 120° and 240° incisions, and a microcatheter was used for 360° incisions. However, it is possible that 
the different approaches used could interfere with the results.

It has also been hypothesized that larger incisions can involve more collecting ducts and reduce the risk of 
surgical failure associated with reocclusion of the incision sites. In an experimental enucleation model, Rosenquist 
et al.12 reported that 30° and 120° incisions had a 42% and 85% lower IOP, respectively, than a 360° incision, 
and Swaminathan et al.13 reported that the flow of aqueous humor is segmental. Chin et al.14 demonstrated that 
360° suture trabeculotomy achieved greater surgical success rates than 120° metal trabeculotomy for POAG and 
secondary open-angle glaucoma (SOAG), in which the different incision approaches might have interfered with 
the results.

This study aimed to investigate the differences in the efficacy of ab interno GATST according to different 
Schlemm’s canal incision lengths. A linear mixed-effects model utilizing data for one eye or both eyes, with strict 
adjustments for sex, age, surgery type, glaucoma type, number of pre- and postoperative glaucoma eyedrops, and 
preoperative IOP, was used; this method ensures statistical validity and provides more insights into the optimal 
trabeculotomy procedure for superior efficacy and safety.

Results
Patient characteristics
The patient demographic and clinical characteristics are presented in Table 1. A total of 113 eyes from 76 
patients (age: 70.0 ± 10.8  years; females/males [person; eye]: 43 [56.6%]/33 [43.4%]; 68 [60.2%]/45 [39.8%]) 
were included; GATST with cataract surgery was performed on 87 eyes (phakia) [77.0%], and GATST alone 
was performed on 26 eyes (pseudophakia) [23.0%]. Both eyes from 37 patients [48.7%] and single eyes from 
39 patients [51.3%] were included. Overall, 102 eyes [90.3%] had POAG, and 11 [9.7%] had pseudoexfoliation 
(PXF) glaucoma.

An IOP spike (≥ 30 mmHg during the first month after surgery) was observed in 14 eyes (12.4%).
Hyphema grade > 1 (2–4) was observed in 0 eyes (0%), grade 1 (≤ 1/3 anterior chamber volume) in 30 eyes 

(26.6%), and grade 0 (microhyphema: circulating red blood cells) in 83 eyes (73.4%).
There were no additional surgery-related complications beyond IOP spikes or hyphema.

 (A) Categorical variables

Variable Levels N (%)

Sex (person) F/M 43(56.6), 33(43.4)

Sex (eye) F/M 68(60.2), 45(39.8)

Patient type Bilateral eyes/Lateral eye 37(48.7), 39(51.3)

Surgical type GATST with cataract surgery for phakia/
GATST for pseudophakia 87(77.0), 26(23.0)

Glaucoma type POAG/PXF 102(90.3), 11(9.7)

IOP spike Yes/No 14(12.4), 99(87.6)

Hyphema grade (0–4)  > 1/1/0 0 (0), 30(26.6), 83(73.4)

Distribution of the mean deviation in the visual field before surgerya Mild/Moderate/Severe 35 (31.0), 31 (27.4), 45 (39.8)
Not available 2 (1.8)

 (B) Continuous variables

Variable N, Mean ± SD P value (vs. Pre, Wilcoxon 
signed-rank test)b

Age 76, 70.0 ± 10.8 ―

Pre-IOP after adjustmentc 17.3 ± 5.2 ―

Post-IOP(3 M, after adjustment)c 12.3 ± 1.9  < 0.001

Post-IOP(6 M, after adjustment)c 13.1 ± 2.1  < 0.001

Post-IOP(12 M, after adjustment)c 13.3 ± 2.0  < 0.001

(Noncontinuous variable) Median (25%—75%)

Number of antiglaucoma eyedrops (Pre) 2.0 (1.0–4.0) ―

Number of antiglaucoma eyedrops (6 M) 1.0 (0.0–2.0)  < 0.001

Number of antiglaucoma eyedrops (12 M) 1.0 (0.0–2.0)  < 0.001

Table 1.  Patient demographic and clinical characteristics. aThe mean deviation in the visual field before 
surgery was divided into three groups, mild, moderate, and severe, according to the following thresholds: 
mild (better than − 6 dB), moderate (− 6 to − 12 dB), and severe (worse than − 12 dB). Two out of the 113 
studies had missing values. bDifferences between pre- and postoperative IOP and the number of antiglaucoma 
eyedrops were assessed with the Wilcoxon signed-rank test. cEach IOP value was adjusted by a linear mixed 
model with fixed effects (sex, age, glaucoma type, surgical type, Schlemm’s canal incision length, and number 
of antiglaucoma eye drops) and random effects (patient ID and tonometer type). IOP intraocular pressure, 
GATST gonioscopy-assisted transluminal suture trabeculotomy.
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Compared with the preoperative IOP, the postoperative IOP significantly decreased at 3, 6, and 12 months 
(preoperative: 17.3 ± 5.2; postoperative: 3 months, 12.3 ± 1.9; 6 months, 13.1 ± 2.1; and 12 months, 13.3 ± 2.0; all 
Ps < 0.001, Wilcoxon signed-rank test). The number of antiglaucoma eyedrops needed significantly decreased 
at 6 months and 12 months (preoperative: 2.0 (1.0–4.0); postoperative: 6 months, 1.0 (0.0–2.0); 12 months, 1.0 
(0.0–2.0); all Ps < 0.001, Wilcoxon signed-rank test).

Schlemm’s canal incision lengths and locations in the ab interno GATST
The lengths (degrees) and locations of Schlemm’s canal incisions in ab interno GATST are shown in 
Supplementary Table S1. Incision lengths of ≤ 180°, > 180° and ≤ 270°, and > 270° were used in 31 eyes (27.4%), 48 
eyes (42.5%), and 34 eyes (30.1%), respectively. As described in the Surgical Techniques section in the Methods, 
the starting point of the incision was the nasal angle (0° position of the right eye or 180° position of the left eye). 
Clockwise, counterclockwise, and both clockwise and counterclockwise rotations were performed in 13 (11.5%), 
84 (74.3%), and 16 (14.2%) eyes, respectively.

Parameters demonstrating significant relationships with incision lengths in ab interno 
GATST
All the outcomes that had significant relationships with Schlemm’s canal incision lengths in ab interno GATST 
are shown in Fig. 1 and Table 2.

Relationship between incision length in ab interno GATST and postoperative IOP changes
Multivariate linear mixed model (LMM) analysis demonstrated that Schlemm’s canal incision length was 
significantly related to the amount of IOP change (regression coefficient: -0.013 (-0.024, -0.002), p = 0.0181, 
Wald test) and the percentage of IOP change (regression coefficient: -0.081 (-0.135, -0.028), p = 0.0029, Wald 
test) at 6 months (Figs. 1 and 2, Table 2 and Supplementary Table S2). There were no significant relationships 
with the amount/percentage of IOP change at 12 months (p > 0.05, Wald tests) (Fig. 2 and Supplementary Table 
S2). Age and PXF glaucoma had significant relationships with the amount of IOP change at 6 months (regression 
coefficients: -0.188 and -4.831; p = 0.0025 and 0.0019, respectively, Wald test) and 12  months (regression 
coefficients: -0.173 and -5.419; p = 0.0034 and 0.0003, respectively, Wald test) and with the percentage of IOP 
change at 6 months (regression coefficients: -0.674 and -16.095; p = 0.0093 and 0.0196, respectively, Wald test) 
and 12  months (regression coefficients: -0.602 and -17.085; p = 0.0086 and 0.0047, respectively, Wald test) 
(Supplementary Table S2).

Relationship between incision length in ab interno GATST and the number of antiglaucoma 
eyedrops
Multivariate LMM analysis revealed that Schlemm’s canal incision length had no significant relationship with 
the number of antiglaucoma eyedrops used at 6 or 12 months (p > 0.05, Wald test) (Supplementary Table S3). 
Age was significantly associated with the number of antiglaucoma eyedrops at 6 months (regression coefficient: 
0.038 (0.007, 0.069), p = 0.0191, Wald test) (Supplementary Table S3).

Fig. 1.  Outcomes demonstrating a significant relationship with Schlemm’s canal incision length. The data are 
presented as estimated coefficients and 95% confidence intervals (CIs) for increasing Schlemm’s canal incision 
lengths for each outcome. The x-axis indicates the adjusted coefficients with 95% CIs. The whiskers indicate 
95% CIs for point estimates. The models were adjusted for sex, age, glaucoma type, surgical type, number 
of antiglaucoma eye drops and preoperative IOP. Statistical significance (P) values are shown on the right. 
*p < 0.05, **p < 0.01.
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Relationship between incision length in ab interno GATST and IOP spikes during the first 
month after surgery
Multivariate generalized LMM analysis demonstrated that Schlemm’s canal incision length was significantly 
associated with the incidence of IOP spikes (regression coefficient: 0.079 (0.004, 0.155), p = 0.0401, Wald test) 
(Fig. 1, Table 2 and Supplementary Table S4).

Relationship between incision length in ab interno GATST and hyphema grade
Multivariate generalized LMM analysis demonstrated that Schlemm’s canal incision length was significantly 
associated with hyphema grade (regression coefficient: 0.042 (0.017, 0.068), p = 0.0012, Wald test) (Fig.  1, 
Table 2 and Supplementary Table S5). Preoperative IOP also had a significant relationship with hyphema grade 
(regression coefficient: 0.371, p = 0.0381, Wald test) (Supplementary Table S5).

Relationship between incision length in ab interno GATST and surgical success rate
Multivariate generalized LMM analysis demonstrated that Schlemm’s canal incision length was significantly 
related to the surgical success rate under criterion A (IOP ≤ 21 mmHg, ≥ 20% reduction, no additional glaucoma 
surgeries) at 12  months (regression coefficient: 0.009 (0.001, 0.018), p = 0.0344, Wald test) and the surgical 
success rate under criterion B (IOP ≤ 15 mmHg, ≥ 20% reduction, no additional glaucoma surgeries) at 6 months 
(regression coefficient: 0.010 (0.001, 0.020), p = 0.0247, Wald test) and 12 months (regression coefficient: 0.012 
(0.002, 0.022), p = 0.0172, Wald test) (Fig. 1, Table 2 and Supplementary Table S6). No significant relationships 
with the surgical success rate under criterion A at 6 months were observed (p > 0.05, Wald tests) (Supplementary 
Table S6). PXF glaucoma had a significant relationship with the surgical success rate under criterion A at 
6  months (regression coefficient: 2.112 (0.160, 4.064), p = 0.0339, Wald test) and 12  months (regression 
coefficient: 2.246 (0.369, 4.124), p = 0.0190, Wald test) (Supplementary Table S6). Age and PXF glaucoma had 
significant relationships with the surgical success rate under criterion B at 6 months (regression coefficients: 
0.096 and 3.272; p = 0.0250 and 0.0072, respectively, Wald test) and 12 months (regression coefficients: 0.110 and 
3.147; p = 0.0135 and 0.0127, respectively, Wald test) (Supplementary Table S6).

Discussion
The current study demonstrated that ab interno GATST, a minimally invasive complete or partial circumferential 
trabeculotomy, was safe and effective in lowering IOP and decreasing the number of necessary eyedrops. The 
Schlemm’s canal incision length had significant relationships with the number of IOP spikes (Fig. 1, Table 2 
and Supplementary Table S2), hyphema grade (Fig. 1, Table 2 and Supplementary Table S5), and IOP changes 
(amount/percentage) at 6 months; the surgical success rates (criterion B) at 6 months and 12 months; and the 
surgical success rate (criterion A) at 12  months (Fig.  1, Table 2 and Supplementary Table S6). These results 
corroborate the perspective that larger incisions that involve more collecting ducts lead to greater IOP reduction 
and reduce the risk of surgical failure associated with reocclusion of incision sites. On the other hand, a larger 
incision in ab interno GATST appears to result in a greater incidence of IOP spikes and a higher hyphema grade. 
A larger incision might cause more bleeding and hyphema, which could initially outweigh the beneficial effect 
of increased outflow with less flow resistance through surgically created drainage spaces. In the present study, 
age and PXF glaucoma were significantly associated with a decrease in the amount/percentage of IOP at 6 and 
12 months (Supplementary Table S2). We also found that the preoperative IOP was significantly related to the 
hyphema grade (Supplementary Table S5), suggesting that a large decrease in IOP after surgery is a risk factor 

Outcome Coefficient 95% CI lower 95% CI upper P value (Wald test)a

IOP changeb
Amount at 6 M -0.013 -0.024 -0.002 0.0181*

Percentage at 6 M -0.081 -0.135 -0.028 0.0029**

IOP spikec ― 0.079 0.004 0.155 0.0401*

Hyphema gradec ― 0.042 0.017 0.068 0.0012**

Surgical success rate, criterion Ac 12 M 0.0093 0.001 0.018 0.0344*

Surgical success rate, criterion Bc 6 M 0.0105 0.001 0.020 0.0247*

12 M 0.0119 0.002 0.022 0.0172*

Table 2.  Outcomes that demonstrated a significant relationship with Schlemm’s canal incision length. 
Abbreviations: * p < 0.05, ** p < 0.01. aP value < 0.05 was considered significant. bMultivariate analysis was 
performed with a linear mixed model (LMM) to assess the association between IOP change and Schlemm’s 
canal incision length, in which patient ID and tonometer type (NCT, Applanation, and iCare) were used as 
random effects, and sex, age, surgery type, glaucoma type, Schlemm’s canal incision length, and number of 
antiglaucoma eye drops were used as fixed effects. cMultivariate analysis was performed with a generalized 
LMM to examine the relationship between the IOP spike/hyphema grade/surgical success rate and Schlemm’s 
canal incision length, in which patient ID and tonometer type (NCT, Applanation, and iCare) were used as 
random effects and sex, age, surgery type, glaucoma type, Schlemm’s canal incision length, preoperative IOP 
(excluded in case of surgical success), and number of antiglaucoma eyedrops (preoperative data for IOP spike/
hyphema grades) were used as fixed effects. For each response variable, the regression coefficient, its 95% 
confidence interval (CI), and the p value (Wald test) are shown.
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for hyphema, possibly because a sudden and substantial change in the difference between the IOP and blood 
pressure could trigger a drastic backflow of blood into the anterior chamber. The Schlemm’s canal incision length 
had significant relationships with the surgical success rates according to criterion A at 12 months and criterion 
B at 6 and 12 months, although there were no significant relationships with the surgical success rate according 
to criterion A at 6  months, suggesting that a larger incision was needed to satisfy the more rigid criteria of 
the surgical success rates at 6 months. On the other hand, Schlemm’s canal incision length had no significant 
relationships with the postoperative IOP change (amount/percentage) at 12 months (Supplementary Table S2) 
or the number of antiglaucoma eyedrops at 6 and 12 months (Supplementary Table S3). Although these results 
partially align with previous reports that the surgical treatment efficacy of trabeculotomy does not depend on the 
incision length, the incision length was a critical factor that significantly affected various outcomes, including the 
surgical success rate of ab interno GATST, in the present study (Table 2 and Fig. 1). We conducted a point change 
analysis to determine the Schlemm’s canal incision length that increased the risk of IOP spikes or hyphema 
grade and the incision length required for surgical success. The analysis demonstrated that 210°, 185°, and 225°, 
respectively, were the thresholds for each parameter (Supplementary Table S7 and Fig. 3). These results could 
provide critical information useful for predicting postoperative outcomes and adjusting the planned Schlemm’s 
canal incision length at the individual level.

Fig. 2.  Scatter plots showing the relationship between Schlemm’s canal incision length and IOP changes.The 
y-axis indicates the model’s predicted IOP change. The predicted values were calculated from a model adjusted 
for sex, age, glaucoma type, surgical type, and number of antiglaucoma eye drops. The line represents the 
LOESS (locally weighted smoothing) curve fitted through the points in the scatter plots, illustrating trends 
between IOP change and incision width: the amount of IOP change at 6 M (a), the amount of IOP change at 
12 M (b), the percentage of IOP change at 6 M (c), and the percentage of IOP change at 12 M (d).
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There are some potential limitations to this study. First, the degree to which the inner wall of Schlemm’s canal 
was cut during surgery differed, potentially biasing the results. Surgeons may have used smaller incisions to avoid 
obstacles based on the accepted assumption that certain degrees would be enough for preferable results or due to 
differences among patients, such as the glaucoma stage: the Schlemm’s canal inner space has been shown to be 
smaller in POAG15–18, which could have been a source of bias in the study. A significant correlation was found 
between the incision length and the mean deviation in the presurgery visual field, indicating that a worse mean 
visual field deviation was associated with smaller incisions (p < 0.0001, Kruskal‒Wallis test) (Supplementary Table 
S8). A possible explanation is that at more advanced glaucoma stages, the inner resistance of Schlemm’s canal 
may be increased, leading to the creation of shorter incisions. However, since the incision lengths were randomly 
determined by the surgeon, including whether or not GATST was performed in the opposite direction when 
the suture was stopped before 360°, this observation must be interpreted with caution. To mitigate confounding 
biases related to the glaucoma stage, we considered including the presurgery mean visual field deviation in the 
multivariate analysis, but multicollinearity concerns made such an inclusion inappropriate. Nevertheless, no 
significant differences were observed in the number of eyes across glaucoma stages (p = 0.094, chi-square test), 

Fig. 3.  Change-point analysis to detect a threshold for Schlemm’s canal incision length associated with IOP 
spikes, hyphema grade, and surgical success rates.The line chart shows the trend between the p value and 
Schlemm’s canal incision length, with change points indicated by larger blue dots. The p values were calculated 
from a chi-square test assessing the IOP change, hyphema grade, and surgical success rate when the dataset 
was divided into two groups at a specific threshold. For the mean shift in the P value, horizontal red lines are 
drawn at the mean value of each segment: IOP spike (a), hyphema grade (b), surgical success rate (Criterion A) 
(c), and surgical success rate (Criterion B) (d).
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as shown in Table 1. Second, we did not follow patients longer than 12 months. It is possible that, for larger 
incisions, remodeling after surgery could be delayed in the long term, or the burden of aqueous humor outflow 
per collector channel might be smaller, both of which would contribute to the long-lasting favorable functioning 
at the site of the surgical location. Further long-term studies are necessary to identify the detailed underlying 
mechanism. Third, a multicenter study would be ideal to minimize geographic or socioeconomic bias. In 
contrast, this study was a single-surgeon/facility study, which resulted in less performance bias related to the 
consistency and uniformity of surgery-related factors. Fourth, we only performed GATST with cataract surgery 
for phakic eyes and GATST alone for pseudophakic eyes. However, if we seek to evaluate the effects of cataract 
surgery, which often reduces IOP, we must also evaluate the use of GATST alone for phakic eyes. To mitigate 
the effects of surgical type on the study results, we employed multivariate analysis with an LMM, in which 
surgery type was included as a fixed effect. In this context, the surgical type had no significant associations with 
any parameters, as shown in Supplementary Table S2-S7 in this study. Fifth, the World Glaucoma Association 
recommends use of the Goldmann applanation tonometer as the standard for evaluating IOP; that said, we 
employed multivariate analysis with an LMM in which tonometer type (noncontact tonometry [NCT] by air 
puff, Goldmann applanation tonometry [Applanation], and rebound tonometry [iCare]) was included as a 
random effect and derived imputation models for each incomplete IOP dataset collected with the three types of 
tonometry that included the other two variables, as demonstrated in the Methods, ensuring a rigorous approach 
in the statistical analysis. Finally, despite the retrospective, nonrandomized nature of the study, the sampling 
process was conducted as part of a consecutive case series study; thus, there is no potential self-selection bias. 
Additionally, the data were meticulously analyzed under a rigorous methodology, using a linear mixed-effects 
model with strict adjustments for sex, age, surgery type, glaucoma type, number of pre/postoperative glaucoma 
eye drops, and preoperative IOP as fixed effects and patient ID and tonometer type as random effects to ensure 
statistical validity.

In conclusion, ab interno GATST, a minimally invasive complete or partial circumferential trabeculotomy, 
was safe and effective in decreasing IOP and the number of eyedrops. The Schlemm’s canal incision length 
was significantly correlated with changes in the number of IOP spikes, hyphema grade, and IOP (amount/
percentage) after 6 months; the surgical success rate (criterion B) after 6 and 12 months; and the surgical success 
rate (criterion A) after 12 months. No significant correlation with changes in IOP (amount/percentage) after 
12 months, the surgical success rate (criterion A) after 6 months, or the number of antiglaucoma eyedrops after 
6 and 12 months was identified. Overall, longer incisions were more likely to produce greater IOP reduction but 
required that more careful attention be given to IOP spikes and hyphema. The findings of the present study can 
serve as a foundation for selecting the optimal incision length for each scenario.

Methods
Design
This study was a retrospective, interventional, single-surgeon, single-center case series.

Setting
The study was performed at the Department of Ophthalmology, Tsukazaki Hospital, Japan.

Patients
We analyzed data from a consecutive series of open-angle glaucoma patients who underwent GATST with 
complete or partial circumferential trabeculotomy with or without cataract surgery for the first time by a 
single surgeon (HT) at Tsukazaki Hospital between July 2018 and October 2021. The study conformed to the 
tenets of the Declaration of Helsinki and was approved by the institutional review board of Tsukazaki Hospital. 
Written consent was obtained from all patients before surgery. Participants were recruited for enrollment in a 
consecutive case series study (outpatients with or without a doctor’s referral); therefore, there is no potential self-
selection bias that might confound the results. The exclusion criteria were ocular diseases other than cataracts 
and glaucoma and a history of any ocular surgeries other than cataract surgery that could affect the parameters 
investigated in this study. Patients who were using anticoagulants or antiplatelets were also excluded from this 
study.

Main outcome measures
The main outcome measures were IOP, the number of antiglaucoma eye drops, an IOP spike ≥ 30 mmHg during 
the first month after surgery, hyphema grade (maximum grade during the first month after surgery according to 
the hyphema grading system proposed by the American Academy of Ophthalmology [​h​t​t​p​s​:​​/​/​w​w​w​.​​a​a​o​.​o​r​​g​/​e​d​u​
c​​a​t​i​o​n​​/​i​m​a​g​e​​/​h​y​p​h​e​​m​a​-​g​r​a​​d​i​n​g​-​s​y​s​t​e​m​-​2]; microhyphema was assigned a grade of 0 in the present study), and 
surgical success rates (IOP ≤ 21 mmHg with ≥ 20% reduction [criterion A] or ≤ 15 mmHg with ≥ 20% reduction 
[criterion B], without any additional glaucoma surgeries) at 6 months and 12 months after surgery. The incision 
length was carefully reviewed and confirmed on surgical videos by a professional eye surgeon (HT).

Surgical techniques
After standard sterile preparation, the surgical eye was draped, and a lid speculum (Tanabe Temporal View 
Speculum [T. View]) was inserted to hold the eyelids open. A 23-gauge paracentesis track, oriented tangentially, 
was placed in either the superonasal or inferonasal quadrant. This initial track served as the entry site for the 
suture. A viscoelastic agent (sodium hyaluronate) was injected into the anterior chamber through this site. A 
temporal main incision port was then created. A suture was inserted into the anterior chamber through the 
entry site, with the tip resting at the nasal angle. The microscope and the patient’s head were then oriented to 
allow proper visualization of the nasal angle with a Hill gonio-lens. A 1- to 2-mm goniotomy was created at the 
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nasal angle (0° position of the right eye or 180° position of the left eye) with a microsurgical blade through the 
temporal site. Microsurgical forceps were introduced through the temporal site and used to grasp the suture 
within the anterior chamber. The distal tip of the suture was then inserted into Schlemm’s canal at the goniotomy 
incision. The microsurgical forceps were used within the anterior chamber to advance the suture through 360° in 
one direction. When the suture was stopped before 360°, limited trabeculotomy was performed. The suture was 
then passed in the opposite direction through the 23-gauge incision to create a wider incision at the surgeon’s 
discretion. The length of the incision was determined by the angle between the starting point of the suture 
insertion and the endpoint where the suture was completely removed during surgery, as carefully reviewed 
and confirmed on surgical videos by a professional eye surgeon (HT) after surgery. For the patients in which 
cataract surgery was performed, ab interno GATST was performed first, followed by cataract surgery, which 
was performed with standard phacoemulsification. The viscoelastic agent was then removed from the anterior 
chamber by irrigation aspiration, which washed out the blood. At the end of the procedure, the wounds were 
checked to ensure watertight closure, and postoperative steroid and antibiotic drops were administered.

Postoperative care and follow-up
After surgery, all patients were given topical broad-spectrum antibiotics and topical steroids. The topical 
antibiotics were stopped at postoperative week 1 or 2. The topical steroids were tapered according to the surgeon’s 
discretion, with the main goal of controlling inflammation and preventing an IOP response. Pilocarpine eye 
drops were prescribed twice daily for two to four weeks after surgery. The patient’s IOP was treated during 
the postoperative period according to the surgeon’s discretion. Clinical information from the chart review was 
collected at the following postoperative visits: 1 day; 1 week; 2 to 3 weeks; and 1, 3, 6, and 12 months. At each 
follow-up visit, the following data were collected: visual acuity, IOP, number of glaucoma eyedrops, and surgery-
related complications. The presence of an IOP spike and the maximum hyphema grade were evaluated during 
the first month after surgery.

Statistical analyses
The sample size was calculated for an alpha of 0.05 and a power of 0.80. Assuming a mean and standard deviation 
(SD) for IOP change in the 360° group of 13.5 ± 2.7, as reported in previous studies19, the minimum sample size 
for each group was set at 16 eyes to detect a difference of 20% between the 360° group and the 180° group. The 
360° group and 180° group comprised 21 eyes in 18 patients and 21 eyes in 17 patients, respectively; thus, the 
sample size was sufficient.

The data are presented as the mean and standard deviation (SD) for continuous variables and the incidence 
and frequency for categorical variables (Table 1). The differences between the pre- and postoperative values of 
IOP and the number of antiglaucoma eyedrops were assessed with the Wilcoxon signed-rank test (Table 1). Each 
IOP value was adjusted by an LMM with fixed effects (sex, age, glaucoma type, surgical type, Schlemm’s canal 
incision length, and number of antiglaucoma eye drops [a combination of ophthalmic drugs was counted as 2 
drops]) and random effects (patient ID and tonometer type).

Multivariate analysis was performed with an LMM to assess the association between IOP change and 
Schlemm’s canal incision length, in which patient ID and tonometer type were used as random effects, and sex, 
age, surgery type, glaucoma type, Schlemm’s canal incision length, and antiglaucoma eye drops were used as 
fixed effects (Table 2 and Supplementary Table S2). We also used an LMM to assess the association between the 
number of antiglaucoma eyes and the Schlemm’s canal incision length, in which sex, age, surgery type, glaucoma 
type, Schlemm’s canal incision length, and preoperative IOP were used as fixed effects (Supplementary Table S3).

We used a generalized LMM to examine the relationships between IOP spikes, hyphema grade and surgical 
success rate and Schlemm’s canal incision length, in which patient ID and tonometer type were used as random 
effects and sex, age, surgery type, glaucoma type, Schlemm’s canal incision length, preoperative IOP (excluded 
in the analysis of surgical success rate), and the number of antiglaucoma eyedrops (preoperative data for IOP 
spike/hyphema grades) were used as fixed effects (Supplementary Tables S4-S6). In the change-point analysis to 
detect a threshold for Schlemm’s canal incision length associated with IOP spikes, hyphema grades, and surgical 
success rates, the p values were computed from a generalized LMM evaluating the associations between the 
presence of IOP spikes, hyphema grade and surgical success rate and Schlemm’s canal incision length, which was 
used as a fixed effect and transformed into a binary variable using a specific threshold (Fig. 3 and Supplementary 
Table S7).

We performed multiple imputation methods for missing IOP data at each measurement point (3, 6, and 
12  months). We derived imputation models for each incomplete IOP dataset collected with three types of 
tonometry (noncontact tonometry [NCT] by air puff, Goldmann applanation tonometry [Applanation], and 
rebound tonometry [iCare]) that included the other two variables. The number of imputations was set to 5. 
These statistical analyses were performed using Statistical Analysis Language R version 3.6.2 (R Core Team 2019, 
R Foundation for Statistical Computing, Vienna, Austria)20, and multiple imputation analysis was implemented 
by using the “mice” package in R21. A p value of < 0.05 was considered to indicate statistical significance for all 
tests.

Ethics statement
This study conformed to the tenets of the Declaration of Helsinki and was approved by the Ethics Committee 
of Tsukazaki Hospital. All research was performed in accordance with relevant guidelines/regulations. Written 
informed consent was obtained from each subject.

Data availability
All data relevant to the study are included in this article or have been uploaded as supplementary information.
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