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Association of trabecular 
meshwork height 
with steroid‑induced ocular 
hypertension
Won Jeong Cho , Yitak Kim , Jung Dong Kim , Eun Woo Kim , Hyoung Won Bae , 
Chan Yun Kim  & Wungrak Choi *

It is important to identify at-risk patients prior to administering steroid injections to prevent 
avoidable irreversible blindness inducted by steroid-induced ocular hypertension (SIOH). We aimed to 
investigate the association of SIOH following intravitreal dexamethasone implantation (OZURDEX) 
using anterior segment optical coherence tomography (AS-OCT). We conducted a retrospective case 
control study to assess the association between trabecular meshwork and SIOH. A total of 102 eyes 
that underwent both AS-OCT and intravitreal dexamethasone implant injection were divided into 
the post-steroid ocular hypertension and normal intraocular pressure groups. Ocular parameters that 
can contribute to intraocular pressure were measured using AS-OCT. Univariable logistic regression 
analysis was used to calculate the odds ratio of the SIOH and significant variables were further 
analyzed using a multivariable model. Trabecular meshwork (TM) height was significantly shorter 
in the ocular hypertension group (716.13 ± 80.55 μm) than that in the normal intraocular pressure 
group (784.27 ± 82.33 μm) (p < 0.001). The receiver operating characteristic curve technique analysis 
showed that the optimal cut-off of ≥ 802.13 μm for TM height specificity was 96.2%, and TM height 
with < 646.75 μm had a sensitivity of 94.70%. The odds ratio of the association was 0.990 (p = 0.001). 
TM height was identified as a newly observed association with SIOH. TM height can be assessed 
using AS-OCT, with acceptable sensitivity and specificity. Caution must be exercised while injecting 
steroids in patients with short TM height (especially < 646.75 μm) as it may cause SIOH and irreversible 
blindness.

Dexamethasone (DEX) intravitreal implant injection is a biodegradable, sustained-release corticosteroid implant 
that provides strong anti-inflammatory effect over approximately 6 months1,2. This implant is widely used to treat 
multiple ophthalmic diseases, including diabetic macular edema (DME)3, and serves as an adjunct treatment for 
patients experiencing macular edema with chronic uveitis or retinal vein occlusions (RVO)4,5. Additionally, stud-
ies have demonstrated that this implant treatment effectively reduces DME in patients resistant to anti-vascular 
endothelial growth factor (anti-VEGF) and improves best corrected visual acuity (BCVA)6.

Steroid-induced ocular hypertension (SIOH) is a major disadvantage associated with the implants and is 
defined as elevated intraocular pressure (IOP) of at least 25 mmHg or an increase of at least 10 mmHg from 
baseline following DEX treatment7. Elevated IOP is the only known modifiable risk factor associated with glau-
coma, the second leading cause of blindness worldwide as a form of progressive optic neuropathy resulting in 
visual field defects8–10. Thus, SIOH-associated side effects often prevent physicians from readily implementing 
the DEX implant treatment11.

Treatment of patients with SIOH remains controversial. Periodic observation is suggested as withdrawal of 
steroids in the initial stage may reverse the side effects. However, SIOH was observed in 28.5% of steroid-injected 
eyes in the MEAD (macular edema: assessment of implantable dexamethasone in diabetes) study12, suggesting 
that if left untreated, the SIOH-related condition might advance to glaucomatous optic neuropathy, called steroid-
induced glaucoma (SIG)13,14. This highlights the importance of identifying at-risk patients before administering 
steroid injections and preventing the avoidable irreversible blindness induced by SIOH.
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Efforts regarding these vision-threatening complications include the identification of risk factors of primary 
open angle glaucoma (POAG), a first-degree relative with a history of previous steroid-induced IOP elevation, 
type 1 diabetes mellitus, connective tissue disease, penetrating keratoplasty, high myopia, and younger age14–17.

To our knowledge, SIOH risk factors associated with the differences in ocular anatomy are not established; 
currently, avoiding DEX treatment is the only identified approach to prevent SIOH. DEX injections may increase 
IOP by suppressing the phagocytic activity and upregulating the glucocorticoid receptor on the trabecular 
meshwork (TM), a three-dimensional structure that plays a central role in self-regulation of the aqueous outflow 
pathway18–20. Multiple studies have highlighted a strong association of IOP with TM with respect to increased 
formation of extracellular matrix and decreased cellularity of the TM observed in glaucomatous eyes20. Choi 
et al. and Chung et al. presented an association between TM height and development of glaucoma21,22. Masis 
et al. reported similar differences in TM height between patients with open and closed angles23.

To test the hypothesis that patients with a small TM area are more likely to develop SIOH after intravitreal 
DEX implant, we aimed to measure the TM height and other ocular parameters, including anterior segment 
parameters, using anterior segment optical coherence tomography (AS-OCT) and perform statistical tests to 
determine the optimal cut-off values for the identified risk factors after intravitreal DEX implant.

Methods
Ethics statement.  The Severance Hospital Institutional Review Board (IRB) approved this retrospective, 
observational, cross-sectional, double-center study and waived the requirement for informed consent for the 
review of existing patient records (IRB number, 2021-4372-001). The study protocol adhered to the tenets of the 
Declaration of Helsinki and complied with the Health Insurance Portability and Accountability Act.

Patient enrollment.  As a case control study, patients who underwent intravitreal DEX (OZURDEX, Aller-
gan, Inc., Irvine, CA, USA) implantation at Yonsei University Health System (Seoul, South Korea) were retro-
spectively enrolled. The inclusion criteria were eyes that underwent both AS-OCT and received only one DEX 
implant during a follow-up period of 1 year due to various ophthalmic diseases including DME, RVO, uveitis, 
and others. Regardless of the type of diagnosis for DEX implants, eyes observed with open angle were included 
in the study. Glaucomatous eyes (e.g., primary open angle glaucoma (POAG), glaucoma suspect, neovascular 
glaucoma, secondary glaucoma) except primary angle closure glaucoma (PACG) and primary angle closure 
(PAC) were also included. Exceptionally, there were eyes with a history of previous primary angle closure suspect 
(PACS); these eyes all underwent cataract surgery before the study point and were observed with open angle on 
AS-OCT at the study point. A total of 183 patients (199 eyes) were retrospectively enrolled between March 2013 
and February 2021.

The exclusion criteria were as follows: PACG or PAC (i.e., defined as > 180° of the iridotrabecular contact 
with elevated IOP or presence of peripheral anterior synechiae (PAS)15,24,25; 13 eyes), appositional angle closure 
that eyes with a closed angle (iridotrabecular contact) in either the nasal or temporal side of an eye (25 eyes), 
history of systemic complication induced by the use of non-topical steroids (3 eyes), baseline IOP of ≥ 23 (12 
eyes), history of penetrating trauma (2 eyes), corneal opacities that could disrupt AS-OCT (13 eyes), and poor 
quality AS-OCT images that hinder the measurement of anterior segment parameters (29 eyes). Finally, 102 eyes 
(94 patients) were eligible for the final analysis.

Study design.  Data on the following were systematically evaluated from full medical records of 102 eyes 
(26 eyes with SIOH and 76 eyes without SIOH): age, sex, laterality of eyes, primary diagnosis for DEX implant, 
underlying systemic diagnosis, glaucoma histories, and complete ocular examination results. For IOP measure-
ment, Goldmann applanation tonometry (GAT) was performed before and after DEX implantation. Gonioscopy 
exam was done using gonio 3 mirror lens or 4 mirror glass gonio lens. The lens was placed on the eye after 
anesthesia, and the angle between the iris and cornea was adjusted and examined using a slit-lamp microscope. 
Abnormalities were assessed, and the exam was repeated in each quadrant of the eye to assess the entire circum-
ference of the anterior chamber angle. The average of three consecutive measurements during the same sitting 
was considered the final IOP and more readings were taken if the difference between the first two measure-
ments was > 1  mmHg26. We subsequently defined and classified IOP elevation as either post-steroid injection 
IOP ≥ 25 mmHg (8/26 eyes with SIOH or IOP elevation ≥ 10 mmHg over the baseline measurement (18/26 eyes 
with SIOH)7. In each case, we evaluated the IOP at seven points: baseline IOP before injection and IOP at 1 week, 
1 month, 2 months, 3 months, 6 months, and 12 months after DEX implant injection. Eyes of enrolled patients 
were divided into the post-steroid normal IOP group (Group A) and the SIOH group (Group B). Various ocular 
parameters that can contribute to IOP were measured using AS-OCT.

TM height and ocular parameter measurements by AS‑OCT.  All reviewed patients underwent 
CASIA SS-1000 AS-OCT (Tomey Corporation, Nagoya, Japan)27. All procedures were performed at Yonsei Uni-
versity Severance Hospital. To investigate novel risk factors reflecting a patient’s underlying anatomical condi-
tion, the AS-OCT images closest in time after the first injection of OZURDEX implant and images with visible 
TM were selected. Normal-resolution scan mode for the results was used and anterior segment images were 
obtained using the anterior angle protocol.

The scleral spur (SS), a landmark structure formed from a projection of the sclera, was used as a reference 
point for both TM height (defined as the distance between SS and Schwalbe’s line [SL]) and automated biom-
etric analyses of the ocular parameters of the anterior chamber angle28. To identify SS, we employed a recently 
described band of extra-canalicular limbal lamina (BELL) method as it is a novel visible landmark on AS-OCT 
that is adjacent to Schlemm’s canal29.



3

Vol.:(0123456789)

Scientific Reports |         (2023) 13:9143  | https://doi.org/10.1038/s41598-023-36329-4

www.nature.com/scientificreports/

For TM height measurement, we used the standard protocol, the SL method; Crowell et al. and Seager et al. 
noted that SL is a hypo-reflective structure that reflects the starting point of TM and termination point of corneal 
endothelium and identifies the inner apex of the U-shaped interface via BELL (Fig. 1)29. Therefore, the TM height 
of enrolled eyes was analyzed with the two important landmarks, SS and SL.

A range of ocular parameters (e.g., angle, anterior chamber, lens, and corneal parameters) measured from 
both the temporal and nasal sides using AS-OCT were as follows: anterior chamber depth (ACD) (i.e., defined 
as the distance between the corneal endothelium and the anterior capsule of the lens), anterior chamber width 
(ACW) (i.e., the distance between the two SS), angle opening distance (AOD) (i.e., the perpendicular distance 
between the TM), angle recess area (ARA) (i.e., the triangular area bounded by AOD as the base, angle recess 
as the apex), and the inner corneoscleral wall as the sides of triangle), trabecular iris space area (TISA) (i.e., 
the trapezoidal area with the boundaries of anterior for the AOD), trabecular iris angle (TIA) (i.e., the angle 
measured with the apex in the iris recess), lens vault (LV) (i.e., the perpendicular distance between the anterior 
lens pole and the horizontal line joining the two SS). The central corneal thickness (CCT) of all the patients was 
also assessed from cross-sectional AS-OCT images by manually computing the width of the cornea. In addition 
to these parameters, ocular assessments including current and past ophthalmologic diagnosis and baseline IOP 
measurements were obtained from the evaluated medical records. Finally, IOL Master (Carl Zeiss Meditec AG, 
Jena, Germany) was used to measure the AXL.

We measured TM height and ocular parameters by determining the 3 and 9o’clock positions as the nasal and 
temporal positions, respectively. All measurements were performed by two independently trained physicians 
who were masked to the baseline demographic data, ocular examination results of the patients, and whether 
the group was A or B. The average value was used for final analysis. To verify the reproducibility of TM height 
measurements, a subset of 50 eyes was randomly sorted for re-analysis by a trained researcher. Overall, both 
the intra- and inter-personal agreement was assessed by Bland–Altman comparison analysis with 95% limits 
of agreement (LoA).

Statistical analyses.  Data were analyzed using SPSS 22.0 software (SPSS, Chicago, IL), SAS version 9.4 
(SAS Institute Inc., Cary, NC), and R package (version 3.6.2, packages; survival; The R Project for Statistical 

Figure 1.   Measurement of TM height and ocular parameters using anterior segment optical coherence 
tomography (AS-OCT). The overall anterior segment OCT endpoints (A). The measurement of the TM height 
defined as the distance between scleral spur (SS) and Schwalbe’s line (SL) (B). Anterior angle parameters of 
AOD 500 and TISA 500. SS scleral spur, AR angle recess, CCT​ central cornea thickness, ACD anterior chamber 
depth, LV lens vault, ACW​ anterior chamber width, SL Schwalbe’s line, TM trabecular meshwork, AOD angle 
opening distance, TISA trabecular iris space area.
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Computing, Vienna, Austria) for data logistic regressions and visualization. Formal statistical tests were per-
formed to compare the baseline clinical characteristics (Table 1) and ocular parameters obtained from AS-OCT 
(Table 2) of all patients; Group A (non-SIOH) and B (SIOH) were compared in the same manner. We conducted 
consecutive t-tests and derived p-values using Student’s t-test or Welch’s t-test with continuous variables. Cat-
egorical variables were compared using the chi-squared test if all frequencies in the 2 × 2 contingency table 
were ≥ e and if any frequency in the 2 × 2 contingency table was < 5, Fisher’s exact test was performed. To inves-
tigate the association between clinical factors and SIOH, univariable logistic regression analyses were imple-
mented for variables of ocular parameters (e.g., TM height, ACD, ACW, AOD, ARA, TISA, TIA, and LV) and for 
variables retrieved from electronic medical records (e.g., baseline IOP, sex, laterality of eyes, AXL, SE, CCT, and 
systemic diseases) (Table 2). With the odds ratios obtained from the univariable analysis, a stepwise method of 
the multivariable linear regression analyses to select only variables that were significant and selected significant 
factors were adjusted for analysis (Table 3). p-values < 0.05 were considered statistically significant. To determine 
the optimal cut-off value for the average TM height, a receiver operating characteristic (ROC) curve was plotted 
and the area under the curve (AUC) was then calculated (Fig. 2). We used a univariable logistic regression model 
to draw the ROC curve setting TM height as the independent variable.

Table 1.   Study population and demographics. Patients who received dexamethasone (DEX) implants 0.7 mg 
were recruited. AXL axial length, CCT​ central corneal thickness, DEX dexamethasone, IOP intraocular 
pressure, SE spherical equivalent, SIOH steroid-induced ocular hypertension, DME diabetic macular edema, 
RVO retinal vein occlusion. a The SIOH group was divided as follows: post-injection IOP of ≥ 25 mmHg or 
IOP elevation of ≥ 10 mmHg over the baseline measurement. b Glaucoma suspect was defined as changes in 
the optic nerve head, including generalized or focal increases in the optic cup size and increases of more than 
0.6 in the cup-disc ratio; the narrowing or notching of the neural rim; optic nerve hemorrhaging; and a cup-
disc ratio asymmetry of > 0.2 between the two eyes. c Primary angle closure suspect was defined as eyes with 
a history of previous primary angle closure suspect that underwent cataract surgery and observed with open 
angle on AS-OCT at the study point. Data are presented as mean ± standard deviation or no. (%); *statistical 
significance; †χ2 test; §Fisher’s exact test; otherwise t-test.

Baseline Characteristic
All eyes (n = 102 eyes of 94 
patients)

Patients without SIOH
Group A (n = 76 eyes of 69 
patients)

Patients with SIOHa

Group B (n = 26 eyes of 25 
patients) p-value

Age (years) 58.43 ± 12.09 59.78 ± 12.11 54.50 ± 11.37 0.054

Sex (M/F) (patients) 43 (45.7%)/51 (54.2%) 32 (46.3%)/37 (53.6%) 11 (44%)/14 (56%) 0.830†

Laterality (R/L) (eyes) 63 (61.8%)/39 (38.2%) 48 (63.2%)/28 (36.8%) 16 (61.5%)/10 (38.4%) 0.978†

Diagnosis for DEX implants (eyes)

 DME 33 (32.4%) 28 (36.8%) 5 (19.2%)

 RVO 29 (28.4%) 23 (30.3%) 6 (23.1%)

 Uveitis 23 (22.5%) 14 (18.4%) 9 (34.6%)

 Others 17 (16.7%) 11 (10.8%) 6 (23.1%)

AXL (mm) 23.50 ± 1.20 23.37 ± 1.12 23.92 ± 1.39 0.097

SE (D) − 0.43 ± 2.82 − 0.13 ± 2.77 − 1.17 ± 2.85 0.153

CCT (μm) 553.18 ± 58.39 556.28 ± 61.52 544.12 ± 48.02 0.362

Baseline IOP (mmHg) 12.95 ± 3.02 12.53 ± 2.93 14.17 ± 3.02 0.016*

Systemic disease

 Hypertension 32 (31.4%) 26 (34.2%) 6 (23.1%) 0.291†

 Thyroid disease 6 (5.9%) 6 (7.9%) 0 (0.0%) 0.334§

 Kidney disease 5 (4.9%) 4 (5.3%) 1 (3.8%) 1.000§

 Cancer 7 (6.9%) 6 (7.9%) 1 (3.8%) 0.675§

 Diabetes mellitus (type2) 41 (40.2%) 34 (44.7%) 7 (26.9%) 0.110†

 Cardiovascular problem 16 (15.7%) 14 (18.4%) 2 (7.7%) 0.348§

 Cerebrovascular accident 7 (6.9%) 5 (6.6%) 2 (7.7%) 1.000§

 Connective tissue disease 10 (9.8%) 8 (10.5%) 2 (7.7%) 1.000§

Glaucoma

 Primary open angle glaucoma 3 (2.9%) 1 (1.3%) 2 (7.7%) 0.159§

 Glaucoma suspectb 12 (11.8%) 9 (11.8%) 3 (11.5%) 1.000§

 Primary angle closure 
suspectc 5 (4.9%) 4 (5.3%) 1 (3.8%) 1.000§

 Neovascular glaucoma 2 (2.0%) 1 (1.3%) 1 (3.8%) 0.447§

 Secondary glaucoma 9 (8.8%) 8 (10.5%) 1 (3.8%) 0.442§
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Results
Baseline characteristics of the study population.  Table 1 summarizes the baseline characteristics of 
a total of 102 eyes of the 94 patients administered with DEX implant (0.7 mg). The mean age and baseline IOP 
of the patients were 58.43 ± 12.09 years (59.78 ± 12.11 and 54.50 ± 11.37 for Groups A and B, respectively) and 
12.95 ± 3.02 mmHg (12.53 ± 2.93 and 14.17 ± 3.02 for Groups A and B, respectively), respectively. Furthermore, 
the mean AXL and CCT were 23.50 ± 1.20 mm and 553.18 ± 58.39 μm, respectively.

Table 2.   Comparison of ocular parameters between the patients enrolled in Groups A and B. All values are 
averaged with the measurements performed at both temporal and nasal sides of eyes; *p < 0.05 from t-test. 
ACD anterior chamber depth, ACW​ anterior chamber width, AOD angle opening distance, ARA​ angle recess 
area, LV lens vault, SIOH steroid-induced ocular hypertension, TIA trabecular iris angle, TISA trabecular iris 
space area, TM trabecular meshwork.

Ocular parameters All eyes
Patients without SIOH
Group A (n = 76 eyes of 69 patients)

Patients with SIOH
Group B (n = 26 eyes of 25 patients) p-value

TM height (μm) 766.90 ± 86.78 784.27 ± 82.33 716.13 ± 80.55 < 0.001*

ACD (mm) 3.31 ± 0.45 3.30 ± 0.46 3.34 ± 0.42 0.729

ACW (mm) 11.44 ± 0.42 11.44 ± 0.39 11.44 ± 0.51 0.977

AOD 500 (μm) 603.30 ± 225.72 587.95 ± 219.52 648.15 ± 241.77 0.242

ARA 500 (μm) 245.23 ± 109.75 239.23 ± 109.59 262.77 ± 110.44 0.348

TISA 500 (μm) 227.43 ± 95.73 217.96 ± 82.27 255.10 ± 125.10 0.088

TIA 500 (μm) 53.59 ± 14.10 52.96 ± 14.82 55.43 ± 11.80 0.443

LV (mm) − 0.2987 ± 0.3912 − 0.3054 ± 0.4079 − 0.2790 ± 0.3437 0.772

Table 3.   Univariable and multivariable logistic regression of variables that may cause SIOH. *Statistical 
significance. SIOH steroid-induced ocular hypertension, OR odds ratio, CI confidence interval, TM trabecular 
meshwork, ACD anterior chamber depth, ACW​ anterior chamber width, AOD angle opening distance, ARA​ 
angle recess area, TISA trabecular iris space area, TIA trabecular iris angle, LV lens vault, IOP intraocular 
pressure, AXL axial length, SE spherical equivalent, CCT​ central corneal thickness, HTN hypertension, DM 
diabetes mellitus, CVA cerebrovascular accident.

Variables N

Univariable analysis Multivariable analysis

OR (95% CI) p-value OR (95% CI) p-value

Ocular parameters

 TM height (μm) 102 0.990 (0.984, 0.996) 0.001* 0.989 (0.983, 0.996) 0.001*

 ACD (mm) 102 1.195 (0.440, 3.246) 0.726

 ACW (mm) 102 0.984 (0.330, 2.930) 0.976

 AOD 500 (μm) 102 1.001 (0.999, 1.003) 0.244

 ARA 500 (μm) 102 1.002 (0.998, 1.006) 0.347

 TISA 500 (μm) 102 1.004 (0.999, 1.008) 0.099

 TIA 500 (μm) 102 1.013 (0.981, 1.045) 0.440

 LV (mm) 102 1.194 (0.364, 3.913) 0.770

Baseline characteristics

 Baseline IOP (mmHg) 102 1.212 (1.031, 1.424) 0.020* 1.229 (1.037, 1.456) 0.017*

 Sex (male) 102 (45) 0.906 (0.368, 2.228) 0.830

 Laterality (right) 102 (63) 0.987 (0.395, 2.467) 0.978

 AXL (mm) 74 1.454 (0.927, 2.281) 0.103

 SE (D) 72 0.871 (0.720, 1.054) 0.156

 CCT (μm) 102 0.996 (0.987, 1.005) 0.360

Systemic disease

 HTN 102 0.577 (0.206, 1.613) 0.294

 Kidney disease 102 0.720 (0.077, 6.750) 0.774

 Cancer 102 0.467 (0.054, 4.070) 0.490

 DM (type2) 102 0.455 (0.171, 1.210) 0.114

 Cardiovascular problem 102 0.369 (0.078, 1.747) 0.209

 CVA 102 1.183 (0.215, 6.503) 0.846

 Connective tissue disease 102 0.708 (0.140, 3.572) 0.676
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TM height difference between the patients separated by SIOH.  We measured the TM height 
using the SL and BELL methods to accurately define SS and SL, respectively (Fig. 1)26,27. The mean TM height 
of all eyes was 766.90 ± 88.78 μm; 784.27 ± 82.33 μm and 716.13 ± 80.55 μm for Groups A and B, respectively 
(p < 0.001; Table 2). The results from Bland–Altman comparison analysis with 95% LoA for both the intra- and 
inter-personal agreement are as follows: [− 7.05 to 118.71 (55.83)] for inter-personal agreement and [− 18.71 
to 15.71 (−  1.50) for intra-personal agreement (p < 0.001; Supplementary Fig.  1a,b, Supplementary Table  1). 
The mean TM height of eyes after omitting NVG eyes (2 eyes) was 782.86 ± 86.68 μm; 782.86 ± 81.96 μm and 
715.63 ± 82.17 μm for Groups A and B, respectively (p < 0.001; Supplementary Table 2). PACS eyes (5 eyes) were 
also excluded, and the mean TM height was 763.46 ± 86.30 μm; 780.75 ± 81.63 μm and 713.69 ± 81.23 μm for 
Groups A and B, respectively (p < 0.001; Supplementary Table 2).

Univariable analyses of variables that may induce SIOH.  Variables that showed significant effects 
on SIOH development (p < 0.05; Table 2) in logistic regression analysis are the baseline IOP (β = 1.212 [1.031, 
1.424]) and average TM height (β = 0.990 [0.984, 0.996]) (Table 3). With exclusion of NVG and PACS eyes, the 
average TM height remains statistically significant (β = 0.990 [0.985, 0.996] and β = 0.990 [0.984, 0.996], respec-
tively) (Supplementary Table 2).

TM height as a significant factor in multivariable analyses.  From both the univariable and multi-
variable analyses, the TM height and baseline IOP were identified as statistically significant factors (odds ratio 
0.989; 95% confidence interval [CI] 0.983, 0.996; p = 0.001; Table 3), the TM height was significantly shorter in 
eyes with SIOH than those without SIOH following DEX treatment. For baseline IOP, patients with steroid-
induced elevation in IOP were more likely to have a higher baseline IOP than those with normal IOP (odds ratio 
1.229; 95% CI 1.037, 1.456; p = 0.017; Table 3). The R-squared value was 0.192.

Determination of the optimal cut‑off value for TM height.  To determine the optimal cut-off values 
for the TM height to raise concerns before the administration of DEX implant, we performed a univariable logis-
tic regression model using TM height as the independent variable. An optimal cut-off of ≥ 802.13 μm for TM 
height average was determined by finding the point of contact of a line with a slope of 1 on the ROC curve, and 
the specificity associated with this value was 96.2%, respectively, when Youden index was 0.396 (Table 4). On the 
other hand, TM height with < 646.75 μm was at risk for SIOH with a sensitivity of 94.70% (Table 4). Moreover, 
the odds ratio of the association was 0.990 (0.984, 0.996, p = 0.001), and the AUC of the model was 0.716 (0.612, 
0.820) (Table 5).

Discussion
Recent studies show that up to 25% patients who received DEX implantation (OZURDEX) experienced 
SIOH7,30,31; glaucoma or glaucoma-suspicion factors were present in all patients who required surgical 
intervention12. Although baseline characteristics associated with SIOH patients are studied, the data on the 
association of ocular anatomical structures are scarce. In this study, we have identified TM height as an impor-
tant anatomical structure that should be measured using AS-OCTs in clinical practice, particularly for patients 
receiving DEX treatment.

Figure 2.   ROC curve of steroid-induced ocular hypertension according to TM height average. ROC receiver 
operating characteristic, CI confidence interval, OR odds ratio, AUC​ area under the curve.
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TM is the core structure deeply implicated in the pathogenesis of glaucoma because of its widely accepted 
roles in IOP control by aqueous outflow pathway regulation15–17,22. Although the exact pathophysiology is unclear, 
evidence indicates that steroids induce molecular and ultrastructural changes by increasing the density of TM 
cells. Glucocorticoids act on the multiplication of myofibroblasts and accumulation of extracellular matrix along 
the outer and inner wall of SC, respectively, and modification of the actin cytoskeleton network named cross-
linked actin networks in the TM8,23. The increased TM cellularity leads to increased stiffness and shrinkage in 
terms of size, which may result in SIOH18,19. Therefore, we considered that the TM height would reflect the size 
and density of this three-dimensional structure and hypothesized that the prevalence of SIOH is negatively cor-
related with the TM height.

Our results on the TM height and its importance in SIOH agree with our hypothesis established based on 
previously reported TM histopathology findings. Hence, after administering intravitreal DEX injection to patients 
with TM height below the cut-off value, a short-term regular ophthalmic follow-up may be advantageous to detect 
early increase in IOP and this hypothesis needs to be validated in prospective studies.

Furthermore, many investigators have identified TM via OCT, but only a few studies have determined the 
measurements of TM15,23,32. We adopted the same method as those used in previous studies; we defined TM height 
as the distance between the SS and SL with SL33 and BELL methods29 as these anatomical landmarks demarcate 
TM boundaries to assume the size and volume of the TM.

Among the eyes that underwent both AS-OCT and received DEX implant due to various ophthalmic dis-
eases (e.g., DME, RVO, uveitis, and others), we observed that the mean TM height of all eyes in our study (i.e., 
the average value of TM height in both nasal and temporal sector of eyes) was 766.90 ± 86.78 μm, which was 
comparable with a finding of the estimated true mean TM height (752.109 ± 11 μm, of 245 randomly selected 
eyes) from a study conducted in the same ethnic study population, South Korea21. The Bland–Altman analysis 
in this study showed that the validity and reliability of TM height measurement were in acceptable range, and it 
is worth noting that both the inter-personal agreement and intra-personal agreement are statistically significant 
(p < 0.001; Supplementary Table 1).

In addition, a sensitivity analysis was performed after excluding eyes diagnosed as NVG and PACS (2 eyes 
and 5 eyes, respectively; included in the study due to the absence of PAS or of new vessels in the angle of the 
anterior chamber at the study point and no recent panretinal photocoagulation (PRP) laser in the last 6 months) 
to demonstrate the robustness of the results (Supplementary Table 2). The eyes with previous PACS history were 
observed as open angle at the study point, supposed that cataract surgery that the eyes all underwent helped 
resolve the angle closure in these eyes. Although TM height is reported to be shorter in patients with previ-
ous PACS history, we assume that our result remains its robustness because of the small number of PACS eyes 
included. Due to the possibility that history of PACS may affect the TM height itself, we aim to investigate the 
relationship of the two factors in the prospective studies.

This study demonstrates clinical relevancy of using AS-OCT for investigating the differences in ocular anat-
omy of SIOH patients. This study effectively fills in the gap by presenting the TM height as a surrogate parameter 
that is readily and noninvasively measurable via AS-OCT for patients needing DEX intervention for a range of 
ophthalmic diseases including DME, uveitis, or RVO4–6. We offered an optimal cut-off of ≥ 802.13 μm for TM 
height, and the specificity associated with this value was 96.2% (Table 4). With this value, we may encourage clini-
cians to be comfortable prescribing steroid treatment as patients who have a greater TM height than 802.13 μm 
would be relatively safe from SIOH. Yet, it is clinically significant to identify patients at risk of SIOH in advance 
with this novel parameter. This analysis showed that screening patients with TM height below the cut-off point 

Table 4.   Cut-off points for steroid-induced ocular hypertension by TM height average. † The “optimal” cutoff 
value was defined by the highest Youden index value (sensitivity + sensitivity − 1) from logistic regression.

Cut-off point (TM height average)

Cut-off point Sensitivity (%) Specificity (%) Youden Index

> 567.25 – 98.70 3.80 0.025

> 611.00 – 96.10 7.70 0.037

> 646.75 – 94.70 15.40 0.140

> 675.38 – 90.80 30.80 0.216

> 802.13† Optimal 43.40 96.2 0.396

> 834.63 – 32.90 96.2 0.290

> 861.50 – 19.70 100 0.197

Table 5.   Odds ratios and ROC curve of steroid-induced ocular hypertension according to TM height average. 
ROC receiver operating characteristic, CI confidence interval, OR odds ratio, AUC​, area under the curve.

Outcome Group A Group B OR (95% CI) p-value AUC (95% CI)

TM height avg 76 26 0.990 (0.984, 0.996) 0.001 0.716 (0.612, 0.820)
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of 646.75 μm may detect patients who may develop SIOH with sensitivity of 94.70% (Table 4). However, extra 
caution and close monitoring should be exercised by ophthalmologists before implementing steroid injection in 
patients with TM height under 646.75 μm as there would be a considerable chance of developing SIOH.

Another strength of our study may be the relatively high predictive value of SIOH. The AUC of our model was 
0.716 (0.612, 0.820) (Table 5), suggesting a relatively high value for predicting SIOH as a single factor. With this 
ocular parameter that can serve as a sign for the insidious nature of progressive SIOH, ocular steroid response 
can be recognized before irreversible damage occurs to the optic nerve.

Our results also suggest that baseline IOP is another candidate factor for OHT induced by DEX. The results 
are consistent with the notion that POAG is a known individual risk factor associated with post-steroidal IOP 
elevation14, supporting our assumption that patients with higher baseline IOP may have a possibility to develop 
POAG due to the increased susceptibility to develop SIOH.

This study has some limitations. First, the indirect methodology used in previous studies21–23,32 (i.e., use 
of measurement of TM height to extrapolate and assume the volume of TM) was employed to measure TM. 
TM is a three-dimensional structure with trapezoidal shape of hyper-reflective tissue; thus, the most accurate 
measurement would be the one measuring the height, width, and length of TM. Further studies with measure-
ment of TM thickness or width to measure the three-dimensional volume of the TM are suggested for accurate 
morphometry. Second, although it is widely accepted that AXL had borderline correlation with IOP increase, we 
could not correlate TM height and AXL in this retrospectively designed study because only 74 of 102 eyes had 
AXL readings (Table 3). Further prospective analysis with AXL in patients with SIOH should be performed in 
future studies as high myopia is a known risk factor for SIOH. Third, the R-squared value is in a low level of scale 
in our multivariate model, which may be because of the absence of other significant variables, including AXL. To 
overcome this limitation, we aim to improve the SIOH predicting nomogram used in our previous publication15 
in the near future, incorporating inspection of more risk factors, including TM height. Lastly, only Asian patients 
were included in this study; thus, a further study across ethnicity is required for generalizability of the findings.

In conclusion, physicians can identify patients at risk of SIOH before administering DEX injection and extra 
caution should be exercised if the patient has a relatively short TM height, especially if TM height < 646.75 μm. 
Thus, our findings suggest that a procedure for TM height measurement via AS-OCT would be helpful to predict 
subsequent SIOH development following DEX implantation.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon 
reasonable request.

Received: 16 September 2022; Accepted: 1 June 2023

References
	 1.	 Hunter, R. S. & Lobo, A. M. Dexamethasone intravitreal implant for the treatment of noninfectious uveitis. Clin. Ophthalmol. 5, 

1613–1621. https://​doi.​org/​10.​2147/​OPTH.​S17419 (2011).
	 2.	 Chang-Lin, J. E. et al. Pharmacokinetics and pharmacodynamics of a sustained-release dexamethasone intravitreal implant. Investig. 

Ophthalmol. Vis. Sci. 52, 80–86. https://​doi.​org/​10.​1167/​iovs.​10-​5285 (2011).
	 3.	 Neves, P. et al. Dexamethasone intravitreal implant (Ozurdex) in diabetic macular edema: Real-world data versus clinical trials 

outcomes. Int. J. Ophthalmol. 14, 1571–1580. https://​doi.​org/​10.​18240/​ijo.​2021.​10.​15 (2021).
	 4.	 Lin, Y., Ren, X. & Chen, D. Steroid treatment in macular edema: A bibliometric study and visualization analysis. Front. Pharmacol. 

13, 824790. https://​doi.​org/​10.​3389/​fphar.​2022.​824790 (2022).
	 5.	 Grzybowski, A., Markeviciute, A. & Zemaitiene, R. Treatment of macular edema in vascular retinal diseases: A 2021 update. J. 

Clin. Med. https://​doi.​org/​10.​3390/​jcm10​225300 (2021).
	 6.	 Wallsh, J. O. & Gallemore, R. P. Anti-VEGF-resistant retinal diseases: A review of the latest treatment options. Cells https://​doi.​

org/​10.​3390/​cells​10051​049 (2021).
	 7.	 Sharma, A. et al. Intraocular pressure (IOP) after intravitreal dexamethasone implant (Ozurdex) amongst different geographic 

populations-GEODEX-IOP study. Eye (Lond.) 34, 1063–1068. https://​doi.​org/​10.​1038/​s41433-​019-​0616-7 (2020).
	 8.	 Sommer, A. Intraocular pressure and glaucoma. Am. J. Ophthalmol. 107, 186–188. https://​doi.​org/​10.​1016/​0002-​9394(89)​90221-3 

(1989).
	 9.	 Tripathi, R. C., Parapuram, S. K., Tripathi, B. J., Zhong, Y. & Chalam, K. V. Corticosteroids and glaucoma risk. Drugs Aging 15, 

439–450. https://​doi.​org/​10.​2165/​00002​512-​19991​5060-​00004 (1999).
	10.	 Polansky, J. et al. Cellular sensitivity to glucocorticoids in patients with POAG. Steroid receptors and responses in cultured skin 

fibroblasts. Investig. Ophthalmol. Vis. Sci. 26, 805–809 (1985).
	11.	 Park, S. E., Jun, J. W., Lee, D. H., Lee, S. C. & Kim, M. The effect of adalimumab in korean patients with refractory noninfectious 

uveitis. Yonsei Med. J. 62, 177–181 (2021).
	12.	 Augustin, A. J. et al. Dexamethasone intravitreal implant in previously treated patients with diabetic macular edema: Subgroup 

analysis of the MEAD study. BMC Ophthalmol. 15, 150. https://​doi.​org/​10.​1186/​s12886-​015-​0148-2 (2015).
	13.	 Phulke, S., Kaushik, S., Kaur, S. & Pandav, S. S. Steroid-induced glaucoma: An avoidable irreversible blindness. J. Curr. Glaucoma 

Pract. 11, 67–72. https://​doi.​org/​10.​5005/​jp-​journ​als-​l0028-​1226 (2017).
	14.	 Nislawati, R. et al. Role of hypertension as a risk factor for open-angle glaucoma: A systematic review and meta-analysis. BMJ 

Open Ophthalmol. 6, e000798. https://​doi.​org/​10.​1136/​bmjop​hth-​2021-​000798 (2021).
	15.	 Choi, W. et al. Evaluation of the relationship between age and trabecular meshwork height to predict the risk of glaucoma. Sci. 

Rep. 10, 7115. https://​doi.​org/​10.​1038/​s41598-​020-​64048-7 (2020).
	16.	 Choi, W. et al. Predicting the safety zone for steroid-induced ocular hypertension induced by intravitreal dexamethasone implanta-

tion. Br. J. Ophthalmol. 106, 1150–1156. https://​doi.​org/​10.​1136/​bjoph​thalm​ol-​2020-​318401 (2022).
	17.	 Choi, W. et al. Axial length as a risk factor for steroid-induced ocular hypertension. Yonsei Med. J. 63, 850–855. https://​doi.​org/​

10.​3349/​ymj.​2022.​63.9.​850 (2022).
	18.	 Zhang, X., Ognibene, C. M., Clark, A. F. & Yorio, T. Dexamethasone inhibition of trabecular meshwork cell phagocytosis and its 

modulation by glucocorticoid receptor beta. Exp. Eye Res. 84, 275–284. https://​doi.​org/​10.​1016/j.​exer.​2006.​09.​022 (2007).

https://doi.org/10.2147/OPTH.S17419
https://doi.org/10.1167/iovs.10-5285
https://doi.org/10.18240/ijo.2021.10.15
https://doi.org/10.3389/fphar.2022.824790
https://doi.org/10.3390/jcm10225300
https://doi.org/10.3390/cells10051049
https://doi.org/10.3390/cells10051049
https://doi.org/10.1038/s41433-019-0616-7
https://doi.org/10.1016/0002-9394(89)90221-3
https://doi.org/10.2165/00002512-199915060-00004
https://doi.org/10.1186/s12886-015-0148-2
https://doi.org/10.5005/jp-journals-l0028-1226
https://doi.org/10.1136/bmjophth-2021-000798
https://doi.org/10.1038/s41598-020-64048-7
https://doi.org/10.1136/bjophthalmol-2020-318401
https://doi.org/10.3349/ymj.2022.63.9.850
https://doi.org/10.3349/ymj.2022.63.9.850
https://doi.org/10.1016/j.exer.2006.09.022


9

Vol.:(0123456789)

Scientific Reports |         (2023) 13:9143  | https://doi.org/10.1038/s41598-023-36329-4

www.nature.com/scientificreports/

	19.	 Llobet, A., Gasull, X. & Gual, A. Understanding trabecular meshwork physiology: A key to the control of intraocular pressure?. 
News Physiol. Sci. 18, 205–209. https://​doi.​org/​10.​1152/​nips.​01443.​2003 (2003).

	20.	 Carreon, T., van der Merwe, E., Fellman, R. L., Johnstone, M. & Bhattacharya, S. K. Aqueous outflow—A continuum from trabecular 
meshwork to episcleral veins. Prog. Retin. Eye Res. 57, 108–133. https://​doi.​org/​10.​1016/j.​prete​yeres.​2016.​12.​004 (2017).

	21.	 Choi, W. et al. Investigating the relationship between glaucoma prevalence and trabecular meshwork length. J. Clin. Med. https://​
doi.​org/​10.​3390/​jcm10​051096 (2021).

	22.	 Chung, H. W., Park, J. H., Yoo, C. & Kim, Y. Y. Effects of trabecular meshwork width and Schlemm’s canal area on intraocular 
pressure reduction in glaucoma patients. Korean J. Ophthalmol. 35, 311–317. https://​doi.​org/​10.​3341/​kjo.​2021.​0007 (2021).

	23.	 Masis, M., Chen, R., Porco, T. & Lin, S. C. Trabecular meshwork height in primary open-angle glaucoma versus primary angle-
closure glaucoma. Am. J. Ophthalmol. 183, 42–47. https://​doi.​org/​10.​1016/j.​ajo.​2017.​08.​018 (2017).

	24.	 Gedde, S. J. et al. Primary angle-closure disease preferred practice pattern®. Ophthalmology 128, P30-p70. https://​doi.​org/​10.​1016/j.​
ophtha.​2020.​10.​021 (2021).

	25.	 Wright, C., Tawfik, M. A., Waisbourd, M. & Katz, L. J. Primary angle-closure glaucoma: An update. Acta Ophthalmol. 94, 217–225. 
https://​doi.​org/​10.​1111/​aos.​12784 (2016).

	26.	 Chen, M. et al. Comparability of three intraocular pressure measurement: iCare pro rebound, non-contact and Goldmann appla-
nation tonometry in different IOP group. BMC Ophthalmol. 19, 225. https://​doi.​org/​10.​1186/​s12886-​019-​1236-5 (2019).

	27.	 Lippera, M. et al. The role of anterior segment optical coherence tomography in uveitis-glaucoma-hyphema syndrome. Eur. J. 
Ophthalmol. https://​doi.​org/​10.​1177/​11206​72121​10637​38 (2021).

	28.	 Choi, W. et al. Comparison of the trabecular meshwork length between open and closed angle with evaluation of the scleral spur 
location. Sci. Rep. 9, 6857. https://​doi.​org/​10.​1038/​s41598-​019-​43315-2 (2019).

	29.	 Crowell, E. L. et al. Characterizing anterior segment OCT angle landmarks of the trabecular meshwork complex. Ophthalmology 
125, 994–1002. https://​doi.​org/​10.​1016/j.​ophtha.​2018.​01.​018 (2018).

	30.	 Bucolo, C. et al. Long-term efficacy and safety profile of multiple injections of intravitreal dexamethasone implant to manage 
diabetic macular edema: A systematic review of real-world studies. J. Pharmacol. Sci. 138, 219–232. https://​doi.​org/​10.​1016/j.​jphs.​
2018.​11.​001 (2018).

	31.	 Bahadorani, S. et al. The effects of repeated Ozurdex injections on ocular hypertension. Clin. Ophthalmol. 12, 639–642. https://​
doi.​org/​10.​2147/​OPTH.​S1489​90 (2018).

	32.	 Tun, T. A. et al. Assessment of trabecular meshwork width using swept source optical coherence tomography. Graefes Arch. Clin. 
Exp. Ophthalmol. 251, 1587–1592. https://​doi.​org/​10.​1007/​s00417-​013-​2285-8 (2013).

	33.	 Seager, F. E., Wang, J., Arora, K. S. & Quigley, H. A. The effect of scleral spur identification methods on structural measurements 
by anterior segment optical coherence tomography. J. Glaucoma 23, e29-38. https://​doi.​org/​10.​1097/​IJG.​0b013​e3182​9e55ae (2014).

Author contributions
W.J.C.: supervision, modeling, investigation, data analysis, writing; Y.K.: data analysis, validation, editing; J.D.K.: 
data collection, validation; E.W.K.: data collection, validation; H.W.B.: methodology, investigation, editing; 
C.Y.K.: modeling, methodology, investigation; W.C.: supervision, methodology, modeling, validation, writing. 
Authors jointly interpreted the findings, wrote, revised, and approved the final manuscript.

Funding
This work was supported by the Basic Science Research Program through the National Research Foundation of 
Korea (NRF- 2019R1I1A1A01061721 & 2022R1I1A1A01071919), 2022 Cheil-Nammyung Foundation Research 
Funds, the Research Grant from Gangnam Severance Hospital, Yonsei University College of Medicine, and by 
a faculty research grant of Yonsei University College of Medicine (6-2020-0139). The funding organization had 
no role in the design or conduct of this research.

Competing interests 
No financial disclosures. All authors attest that they meet the current ICMJE criteria for authorship.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​36329-4.

Correspondence and requests for materials should be addressed to W.C.

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

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

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

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

© The Author(s) 2023

https://doi.org/10.1152/nips.01443.2003
https://doi.org/10.1016/j.preteyeres.2016.12.004
https://doi.org/10.3390/jcm10051096
https://doi.org/10.3390/jcm10051096
https://doi.org/10.3341/kjo.2021.0007
https://doi.org/10.1016/j.ajo.2017.08.018
https://doi.org/10.1016/j.ophtha.2020.10.021
https://doi.org/10.1016/j.ophtha.2020.10.021
https://doi.org/10.1111/aos.12784
https://doi.org/10.1186/s12886-019-1236-5
https://doi.org/10.1177/11206721211063738
https://doi.org/10.1038/s41598-019-43315-2
https://doi.org/10.1016/j.ophtha.2018.01.018
https://doi.org/10.1016/j.jphs.2018.11.001
https://doi.org/10.1016/j.jphs.2018.11.001
https://doi.org/10.2147/OPTH.S148990
https://doi.org/10.2147/OPTH.S148990
https://doi.org/10.1007/s00417-013-2285-8
https://doi.org/10.1097/IJG.0b013e31829e55ae
https://doi.org/10.1038/s41598-023-36329-4
https://doi.org/10.1038/s41598-023-36329-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Association of trabecular meshwork height with steroid-induced ocular hypertension
	Methods
	Ethics statement. 
	Patient enrollment. 
	Study design. 
	TM height and ocular parameter measurements by AS-OCT. 
	Statistical analyses. 

	Results
	Baseline characteristics of the study population. 
	TM height difference between the patients separated by SIOH. 
	Univariable analyses of variables that may induce SIOH. 
	TM height as a significant factor in multivariable analyses. 
	Determination of the optimal cut-off value for TM height. 

	Discussion
	References


