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Abstract 
Computational fluid dynamics (CFD) offers a virtual platform to assess glaucoma surgeries, predicting intraocular pressure 
(IOP) outcomes. CFD shows that modified nonpenetrating deep sclerectomy (mNPDS) achieves IOP reduction comparable 
to trabeculectomy, guiding surgical decisions and innovations. Effective solutions for glaucoma surgical treatment represent a 
significant challenge in ophthalmology. The advent of numerous techniques in the last decade has complicated the evaluation 
of competing methodologies, typically addressed through costly and time-consuming randomized controlled clinical trials. This 
study explores an alternative approach using CFD to virtually assess the flow and IOP effects of glaucoma surgical procedures. 
A 3D model of an idealized anterior eye segment was created as a means to directly compare various glaucoma filtration surgical 
procedures. The CFD model was specifically utilized to compare trabeculectomy, nonpenetrating deep sclerectomy (NPDS) 
without the removal of the juxtacanalicular trabecular meshwork (JCT), and mNPDS including the JCT peel. The CFD results reveal 
that NPDS alone is less effective than trabeculectomy in lowering IOP at the time of surgery. The postoperative IOP was 7 mm 
Hg for trabeculectomy and 23.4 mm Hg for NPDS. However, the mNPDS procedure produced IOP results comparable to that of 
trabeculectomy, with a postoperative IOP of 6.98 mm Hg. An interesting additional finding in trabeculectomy is the low flows at 
the corneal wall. This flow pattern is not seen with NPDS and may partially explain the better safety profile of NPDS compared 
with trabeculectomy. While CFD does not replace clinical trials, this study underscores its potential in virtually evaluating glaucoma 
surgical procedures.

Abbreviations: CFD = computational fluid dynamics, IOP = intraocular pressure, JCT = juxtacanalicular tissue, mNPDS 
= modified nonpenetrating deep sclerectomy, NPDS = nonpenetrating deep sclerectomy, TM = trabecular meshwork, SC = 
Schlemm canal.
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1. Introduction
Advancements in glaucoma treatments constantly introduce new 
surgical techniques, but direct comparisons remain challenging, 
often requiring costly and time-intensive randomized controlled 
trials. These delays hinder timely evaluations of new procedures. 
The cost and time associated with such trials delay result evalua-
tion until several years after the introduction of new procedures.

Intraocular pressure (IOP) is intricately linked to aque-
ous humor flow in the eye and poses a critical aspect of 

glaucoma treatment. Currently, aqueous humor flow is not 
fully understood, and an improved comprehension of the 
subject could help to improve glaucoma treatment options.[1] 
Computational fluid dynamics (CFD) is a software tool that 
uses mathematical modeling to simulate fluid flow phenom-
ena. The models used in CFD studies are governed by fluid 
property relations and boundary conditions. The solution for 
the CFD model itself is solved by means of the Navier–Stokes 
equations, which evaluate the mass, energy, and momentum 
conservations of a thermofluid system. While CFD has been 
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employed in studies on glaucomatous aqueous humor flow 
and retinal diseases,[2–5] its application to the in-depth study 
of glaucoma drainage surgeries has been limited. Compared 
to alternative studies like ex vivo eye models, CFD also offers 
control over boundary conditions, standardization of ana-
tomical geometries, and the elimination of biological vari-
ability. These features make CFD particularly well-suited for 
isolating and comparing the fluid dynamic effects of different 
surgical modifications.

We hypothesized that CFD could be used as an in silico 
solution for studying and evaluating these procedures. The 
procedures we elected to compare are trabeculectomy and non-
penetrating deep sclerectomy NPDS.

Trabeculectomy is considered the “gold standard” for suc-
cessfully reducing IOP in patients with open-angle glaucoma 
(OAG).[6,7] Despite its success, trabeculectomy is associated 
with complications such as wound leaks, hypotony, and cat-
aract development.[8–12] In recent years, safer alternatives to 
trabeculectomy have been suggested. Nonpenetrating deep 
sclerectomy (NPDS) is a less invasive version of trabeculec-
tomy that has been suggested to be just as effective for treating 
OAG.[9,13,14] However, the effectiveness of NPDS is still being 
debated, as some studies suggest that it has a lower efficacy 
profile than that of trabeculectomy.[10,15] To overcome this, 
modified NPDS (mNPDS) procedures have become more 
widely used, which includes removing the juxtacanalicular 
trabecular meshwork (JCT).[16] This mNPDS procedure occurs 
after deroofing the canal of Schlemm and is also known as the 
removal of the inner wall of Schlemm canal (SC) or simply as 
a “membrane peel.” The JCT part of the trabecular meshwork 
(TM) causes the highest resistance to aqueous humor outflow 
due to its low porosity. Both clinical and mathematical stud-
ies have suggested that the membrane peel is key to the suc-
cess of the NPDS procedure.[17–19] Several studies suggest that 
mNPDS can reduce IOP to a standard that is comparable with 
trabeculectomy,[11,20,21] but others still claim that this is not 
the case.[8,22,23] In general, the discussion around the pressure- 
reducing effects of NPDS compared to trabeculectomy is still 
controversial, causing hesitation in adopting NPDS as a safe 
alternative to trabeculectomy.[18,19]

The objective of this study was to compare the impact of trab-
eculectomy, NPDS, and mNPDS on identical idealized eye geom-
etries using CFD. The primary parameters for evaluation include 
IOP and its immediate postoperative reduction rate. While CFD 
has been used in ophthalmology to model various aspects of 
aqueous humor dynamics,[5,24] no previous studies have directly 
compared the fluidic outcomes of trabeculectomy, NPDS, and 
mNPDS in a standardized computational framework. This 
study addresses that gap by simulating and comparing their 
immediate postoperative effects on IOP. This exploration seeks 
to provide insights into the efficacy of these glaucoma surgeries 
in terms of IOP reduction, setting the stage for potential future 
investigations with a focus on computational modeling for sur-
gical procedure studies.

2. Methods
This study is a comparative in silico simulation analysis 
using CFD to model and evaluate immediate postopera-
tive IOP following 3 types of glaucoma filtration surger-
ies. Ethical review and informed consent were not required 
since all data used in the computational modeling were 
derived from open-access sources. The competing filtra-
tion surgeries were simulated using an idealized 3D model 
of the human eye. The benefit of this approach is that the 
eye geometry is identical for both simulations and there are 
no interfering parameters (e.g., previous eye conditions or 
surgeries) that may affect the results. Three cases are pre-
sented: trabeculectomy, NPDS and mNPDS. In the case of 

the mNPDS procedure, the JCT layer is removed in addition 
to deroofing the canal of Schlemm. For each simulated sur-
gical scenario, IOP was the primary outcome variable. The 
surgical modification (e.g., trabeculectomy, NPDS, mNPDS) 
functioned as the exposure condition. To minimize bias 
across surgical scenarios, all simulations were conducted 
using identical eye geometry, boundary conditions, and fluid 
properties. Potential sources of bias, including the exclu-
sion of patient-specific anatomical variations and biological 
healing responses, are addressed in Section 4.

2.1. Study design and governing equations

For the computational model, the flow domain geometry of 
the anterior eye segment was created in Autodesk Inventor® 
2021 (Autodesk Inc., San Francisco). The flow domain rep-
resents the space where the fluid flow takes place. Thus, 
no physical walls are modeled. The anterior segment flow 
domain consists of the pupil, the anterior chamber, the TM, 
the SC, and the collector channels. Following this, the aque-
ous humor dynamics within the eye were simulated using 
Ansys Fluent 2021 R2. Figure 1 depicts the flow domain 
(gray) as it is extracted from the ideal eye geometry, together 
with its aqueous fluid inlet (blue) and outlets (red). The resis-
tance of the TM (green) is simulated using Darcy Law. For 
an open-angle glaucomatous setup, the permeability was cal-
culated to be 4.34E−16 m2 to achieve an IOP of 27 mm Hg. 
For typical aqueous humor production in the ciliary body, the 
inlet boundary condition at the pupil is a mass flow rate of 
5E−08 kg/s (3 μL/min). The outlet channels have a pressure 
boundary of 7 mm Hg.[3]

The aqueous humor fluid properties have a density of 1000 kg/
m3 and dynamic viscosity (µ) of 0.001 kg/m.s.[3] The governing 
equation, provided in equation 1, results from the Navier-Stokes 
equation for incompressible flow and the Boussinesq approx-
imation to account changes in density due to the temperature 
within the system boundary.

ρv · ∇v = −∇p+ µ · ∇2v+ ρ0gβ
(
T − Tref

)
� (1)

In the above equation, ρ is the fluid density, v is the fluid veloc-
ity, p is the fluid pressure, β is the volume expansion coefficient, 
T  is the fluid temperature, and Tref  is the reference temperature.

The full eye setup and verification thereof were conducted in 
a previous study.[25] The normal eye model was also compared 
with an experimental study using particle image velocimetry.[26] 
The comparison displayed similarities in the flow fields, pro-
viding confidence in the current model setup. This model will 
further be used to simulate 3 glaucoma filtration surgeries: tra-
beculectomy, NPDS, and mNPDS with a membrane peel. For 
all these cases, steady and laminar flow is assumed with rigid 
nonslip corneal walls.

2.2. Surgical simulation scenarios

The glaucomatous eye model was modified to include a Kelly 
punch incision (deep to approximately 50% thickness scleral 
flap) with a diameter of 0.8 mm to simulate a typical trabeculec-
tomy procedure. Surgically, the Kelly punch is used to perform a 
sclerostomy, producing a clean cut through the TM to allow for 
adequate drainage of the aqueous humor.

As part of the trabeculectomy procedure, an iridectomy 
is commonly performed. This allows some of the aqueous 
humor to bypass the flow path around the iris and drain 
directly through the Kelly punch incision. The iridectomy is 
performed by cutting a section of the iris no smaller than 
2 mm[27] (an approximate length of 2.2 mm was selected for 
this case), resulting in an inverse triangular incision. For ease 
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of simulation, the iridectomy was modeled as circular with a 
hydraulic diameter of 1.27 mm2, which was calculated using 
the equation

DID =
a√
3� (2)

where a is the side length of an equilateral triangle. The geom-
etry is illustrated in Figure 2, with the orange arrow indicating 
the flow through the sclerostomy.

The boundary conditions for the inlet mass flow rate 
(5E−08 kg/s), collector channel outlets (7 mm Hg), and TM per-
meability (4.34E−16 m2) are the same as for the glaucomatous 
model previously described. To simulate the immediate postop-
erative results, the Kelly punch is assumed to be open to the 
atmosphere. Thus, the boundary condition at the outlet of the 
Kelly punch is set to 0 mm Hg gauge pressure.

The NPDS procedural geometry includes the removal of the 
scleral flap (deep sclerectomy) as well as the deroofing of the 
SC. The deep sclerectomy is a 4 × 4 mm excision of deep scleral 
tissue (deep to a 50% thickness superficial scleral flap) that is 
removed to access the canal of Schlemm and to allow for a 
“scleral lake” where aqueous humor may collect. At the ante-
rior extent of the sclerectomy, the SC is deroofed to expose the 
JCT. The dissection may then be continued into the peripheral 
cornea. The superficial scleral flap is left in situ thus the aque-
ous humor is allowed to drain from the sides of the superficial 
flap. The flap is sutured; however, the purpose of the sutures is 
to keep the flap in situ rather than create tension as is the case 
with trabeculectomy. The conjunctiva is sealed over the scleral 
flap. As with the trabeculectomy procedure, the deep flap out-
let area is exposed to atmospheric conditions before suturing 
occurs. The flow domain is illustrated in Figure 3, along with 
an XY-planar cross-sectional view of the eye. The SC deroofing 
section is illustrated in the enlarged view (red region) on the 
right of Figure 3.

The mNPDS procedure includes removing a small section of the 
JCT region of the TM. At the edges of where the SC was deroofed, 
an incision is made at a depth of 20 μm.[28] The membrane is then 
detached along the length of the SC deroofing area and extracted.

Once again, the superficial scleral flap is placed over the deep 
sclerectomy site before suturing takes place. The flow domain 
geometry is then similar to what is shown in Figure 3.

Additionally, suturing will be simulated by increasing the 
incision outlet pressure from 0 mm Hg to 7 mm Hg for each 
case, which will restore tension to the anterior chamber by 
creating resistance to flow. No clinical data were found that 
expressly indicate the pressure resistance of eye sutures. Since 
the exact outlet pressure resulting from sutures is not known, a 
value of 7 mm Hg was selected under the assumption that the 
suture pressure should be close to the original outlet pressure of 
the collector channels before the operation.[3] However, this may 
vary depending on suture tightness and surgical technique. By 
simulating the sutures, it may be possible to indicate the post-
operative IOP.

2.3. Mesh quality and convergence testing

No statistical analyses were conducted, as this was a determin-
istic simulation study. However, a mesh independence study was 
performed using IOP as the monitor variable, and a change of 
<1% was used as the convergence criterion. A sensitivity test 
was also conducted on the assumed suture pressure to assess 
the effect of varying suture outlet pressure from 0 to 10 mm 
Hg. Across all surgical types, IOP increased predictably with 
increasing suture tightness, confirming that suture pressure is a 
key modulator of postoperative outcomes.

A steady-state solver was employed using the SIMPLE 
algorithm for pressure-velocity coupling. Convergence was 
achieved when the residuals for all variables fell below 
1 × 10⁻4. For the CFD simulations, a tetrahedral mesh was 
selected to account for the complex geometry of the eye, 
illustrated on the left of Figure 4. This mesh would ensure 
the most accurate solution with the fewest elements.[29] Body 
sizing with a smooth transition inflation mesh was applied 
for all cases. To ensure that the CFD results were indepen-
dent of the mesh, a mesh independence study was conducted 
with the IOP as the monitor value. The mesh was deemed 
acceptable when the error in the IOP value changed by <1%, 
as shown in Figure 4.

The mesh for the trabeculectomy case resulted in 4645,559 
cells with an acceptable average mesh skewness and aspect 
ratio of 0.22 and 1.87, respectively.[30] The mesh for the 
NPDS cases resulted in 4956,830 cells with an acceptable 
average mesh skewness and aspect ratio of 0.21 and 2.11, 
respectively.

Figure 1.  Anterior segment flow domain (gray) extracted from the idealized eye geometry including the pupil (aqueous humor inlet), anterior chamber, TM, SC, 
and collector channels (aqueous humor outlet). The aqueous humor inlet flow is indicated in blue and the outlet flow through the TM (green) is indicated in red. 
SC = Schlemm canal, TM = trabecular meshwork.
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A sensitivity analysis was conducted for suture pressure. 
While other parameters such as fluid viscosity and episcleral 
venous pressure were held constant based on literature values, 
future studies could investigate the impact of varying these 
parameters to further assess model robustness.

3. Results
For the CFD simulation of each surgical case, the postoperative 
IOP before and after suturing was examined. For each case, a 
preoperative glaucomatous IOP of 27 mm Hg was prescribed.[25] 
Table 1 describes the results. The postoperative IOP before 
suturing for trabeculectomy resulted in 0.007 mm Hg. This low 
value is expected, as the Kelly punch removes a section of the 
TM through its entire depth, drastically reducing the aqueous 
outflow resistance.

For the NPDS procedure, the IOP reduces to 20 mm Hg once 
the deep flap is generated, and the SC has been deroofed. In this 
case, the outlet area has been increased to allow for additional 
outflow, but no effort has been made to decrease the TM resis-
tance. Thus, a reduction in IOP is experienced, though not as 
considerably as seen for trabeculectomy. Table 1 further depicts 
the resulting IOP for the mNPDS procedure, with the removal 
of the top layer of the TM. In this case, the IOP is reduced to 
3.3 mm Hg before suturing. As with the NPDS procedure, the 
aqueous outflow area is increased with the additional step of 
reducing the TM resistance by incorporating the membrane peel.

A pressure value of 7 mm Hg was applied to the surgical 
area to ensure stable outflow, though it is possible to adjust the 
suture tension based on expert observations. Once this pressure 
is applied, the IOP will increase as the aqueous outflow area is 
restricted for each case. The resulting IOP following trabeculec-
tomy is 7 mm Hg, which corresponds with another CFD model 
study for trabeculectomy (resulting IOP of 7.1 mm Hg).[3] Thus, 
the IOP has been reduced by 74.1%.

The postoperative IOP for NPDS is shown to be 23.4 mm Hg, 
signifying a decrease of 13.3%. As the steady-state IOP is above 
21 mm Hg, the NPDS procedure would be deemed unsuccessful. 
Therefore, this case seems to support those studies claiming that 

NPDS tends to be ineffective. However, if the membrane peel 
is performed during the procedure, the IOP would reduce to 
6.98 mm Hg. These results indicate that mNPDS achieved an 
IOP outcome comparable to trabeculectomy, while NPDS with-
out membrane peel was substantially less effective.

Immediate postoperative IOP reduction is only one factor 
in glaucoma surgical procedure success.[23,31] Since the present 
study does not take time into account (or consider conjunctival 
bleb formation and healing), only the steady-state results were 
evaluated to investigate the effectiveness of each surgical case.

Figure 5 further illustrates the velocity flow patterns of aque-
ous humor in sutured postoperative scenarios for each proce-
dure, further providing insight into the aqueous humor flow 
dynamics and highlight the impact of surgical modifications on 
IOP reduction.

The trabeculectomy simulation reveals a velocity accel-
eration towards the surgical outlet. This is consistent with 
the removal of the TM and the direct pathway between the 
anterior chamber and the external drainage site. The high 
flow rates demonstrate the effectiveness of trabeculectomy 
in reducing outflow resistance and achieving significant IOP 
reduction.

The NPDS simulation demonstrates a more constrained flow 
pattern compared to trabeculectomy. Without the removal of 
the TM layer, resistance to outflow persists, resulting in slower 
velocity magnitudes and less effective drainage. This supports 
the study’s findings that NPDS alone is less effective in lowering 
IOP, as the limited flow through the deroofed SC does not com-
pensate for the resistance imposed by the TM.

The mNPDS simulation shows a marked improvement in 
flow dynamics compared to NPDS. The removal of the JCT 
layer significantly increases flow velocity near the surgical site, 
reducing overall resistance and achieving IOP outcomes com-
parable to trabeculectomy. This finding reinforces the study’s 
conclusion that the membrane peel is a critical component of 
mNPDS success.

While a full analysis of streamline behavior and spatial vari-
ations is beyond the scope of this paper, these results highlight 
procedure-dependent differences in local flow dynamics.

Figure 2.  Anterior segment flow domain (gray) extracted to simulate trabeculectomy including the pupil and iridectomy (aqueous humor inlet), anterior chamber, 
TM, SC, and collector channels and sclerostomy (aqueous humor outlet). The aqueous humor inlet flow is indicated in blue and the outlet flow through the TM 
(green) is indicated in red. The orange arrow indicates the flow through the sclerostomy. SC = Schlemm canal, TM = trabecular meshwork.
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Figure 3.  Anterior segment flow domain extracted to simulate NPDS including the pupil (aqueous humor inlet), anterior chamber, TM, SC, and collector chan-
nels and scleral flap removal (aqueous humor outlet). The aqueous humor inlet flow is indicated in blue and the outlet flow through the TM (green) is indicated 
in red. NPDS = nonpenetrating deep sclerectomy, SC = Schlemm canal, TM = trabecular meshwork.

4. Discussion
This study aimed to compare the immediate postoperative 
intraocular pressure outcomes of trabeculectomy, NPDS, and 
mNPDS using CFD simulations. The ongoing debate on the effi-
cacy of NPDS may be attributed to the lack of specification in 
clinical studies regarding the membrane peel during the NPDS 
procedure.

Table 2 compares CFD-derived postoperative IOP values to 
those reported in clinical studies. In a clinical study comparing 
NPDS with mNPDS, it was noted that NPDS, with an average 
preoperative IOP of 24.22 mm Hg, resulted in a 1-day postop-
erative IOP of 19.0 mm Hg ± 6.7.[17] Applying this preoperative 
IOP to the CFD model yielded a postoperative IOP of 22.2 mm 
Hg, aligning closely with the clinical findings. This alignment 
enhances confidence in the validity of the surgical model and 
underscores the importance of clarifying the role of the mem-
brane peel in NPDS procedures for accurate evaluation.

The same clinical study also reported that mNPDS, with an 
average preoperative IOP of 25.8 mm Hg, resulted in a 1-day 
postoperative IOP of 12.2 mm Hg ± 2.5.[17] In comparison, a tra-
beculectomy featuring an average preoperative IOP of 18.9 mm 
Hg showed an average 1-day postoperative IOP of 10.9 mm Hg. 
Simulating the preoperative IOP for these mNPDS and trabe-
culectomy scenarios, the CFD models produced postoperative 
IOP values of 6.98 mm Hg and 7 mm Hg, respectively. While 
the clinical and CFD studies present divergent numerical out-
comes, both studies affirm that trabeculectomy and mNPDS 

procedures are anticipated to result in a similar postoperative 
IOP. The velocity flow patterns observed in the simulations fur-
ther confirm the critical role of the membrane peel in enhancing 
aqueous humor outflow and achieving effective IOP reduction, 
particularly in mNPDS. Since the JCT layer of the TM is known 
to be a major site of outflow resistance in the conventional 
aqueous pathway, the membrane peel supports the improved 
IOP-lowering effect seen in the mNPDS simulation. Eliminating 
this low-porosity layer facilitates a more direct and less resis-
tive flow route into the subconjunctival space. Overall, the CFD 
model results suggest that modifications to the NPDS procedure 
can exert a considerable influence on the ultimate postoperative 
IOP.

Although the percentage reduction in IOP for NPDS is lower 
in the CFD model, the absolute postoperative value of 22.2 mm 
Hg falls within the reported clinical range of 19.0 ± 6.7 mm Hg. 
This overlap supports the plausibility of the NPDS simulation. 
For mNPDS and trabeculectomy, the CFD results align with 
the clinical trend of greater IOP reduction, highlighting com-
parable effectiveness between the 2 procedures. While these 
CFD-derived postoperative IOP values differ numerically from 
clinical outcomes, partly due to uncertainty in modeling suture 
outlet pressure, the relative effectiveness of each surgical pro-
cedure is preserved. Both trabeculectomy and mNPDS result in 
substantially lower IOP compared to NPDS, consistent with the 
clinical trends observed in the referenced study.

The simulation results presented in this study exhibit a correla-
tion with the findings from clinical studies, reinforcing the utility 
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of the computational model as a valuable tool for in-depth explo-
ration of glaucoma procedures. While the simulated IOP values 
do not precisely match clinical measurements, the relative trends 
between procedures are consistent with clinical outcomes. These 
discrepancies are largely attributable to uncertainty in estimating 
suture outlet pressure, which is not directly measurable in vivo 
and varies substantially between surgeries. Notably, the simulated 
postoperative intraocular pressure IOP values for trabeculectomy 
and mNPDS align with the corresponding outcomes reported in 
clinical investigations. Despite numerical variations, both the clin-
ical studies and the CFD model consistently project a comparable 
reduction in IOP for all 3 procedures. This congruence between 
simulated and clinically observed outcomes underscores the mod-
el’s capacity to provide insights into the immediate postoperative 
efficacy of various glaucoma surgeries. The alignment between 
simulation and clinical results lends credence to the notion that 
CFD modeling can serve as a reliable preliminary tool for pre-
dicting surgical outcomes, offering a cost-effective and time- 
efficient means to assess the effectiveness of glaucoma procedures 
before embarking on extensive clinical trials. While simulation 
results align with clinical trends, these findings should be inter-
preted cautiously due to model assumptions and the lack of in 
vivo validation.

While CFD proves to be a valuable tool for informing surgical 
procedures, it is essential to acknowledge its inherent challenges 
and limitations in comparison to clinical studies. Specifically, 
the idealized model used in this study avoids the complexity of 

patient-specific geometries, which are challenging to obtain and 
reproduce, and access to accurate data is also limited. Variations 
in trabecular height, corneal thickness, and eye diameter among 
individuals could introduce discrepancies between the simulated 
scenarios and real-world conditions. Additionally, the TM resis-
tance parameters in the eye model may differ from those in clin-
ical studies, affecting the accuracy of simulation outcomes. The 
surgical geometries were based on published anatomical data 
and surgical literature, but were not directly validated through 
imaging or measurement. However, the model’s plausibility is 
supported by alignment between simulated IOP outcomes and 
those reported in clinical studies. Expert ophthalmologic input 
was consulted during the modeling process to guide the surgical 
modifications and ensure that they aligned with typical surgical 
practice.

Notably, suturing tightness represents a critical parame-
ter prone to errors, given that suture pressure is not routinely 
measured during surgical procedures. In the absence of pre-
cise measurements, the estimated suture pressure in the models 
introduces a degree of uncertainty. Nevertheless, the flexibility 
to adjust suture pressure during simulations offers a degree of 
control over aqueous outflow, contributing to the adaptability 
and potential refinement of the CFD model. Additional limita-
tions include the exclusion of inter-patient variability, as well as 
healing and long-term bleb modeling, which are factors that are 
currently beyond the scope of first-step CFD simulations. These 
limitations underscore the need for cautious interpretation of 

Table 1

IOP results before and after suturing for each filtration surgery (preoperative IOP = 27 mm Hg).

IOP before suturing (mm Hg) IOP after suturing (mm Hg)

Trabeculectomy 0.007 7.00
NPDS 20.43 23.40
mNPDS 3.30 6.98

IOP = intraocular pressure, mNPDS = modified nonpenetrating deep sclerectomy, NPDS = nonpenetrating deep sclerectomy.

Figure 4.  Trabeculectomy mesh display (left) and results of mesh independence study for trabeculectomy (top right) and NPDS (bottom right) model geome-
tries. NPDS = nonpenetrating deep sclerectomy.
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CFD results and emphasize the complementary role of clini-
cal studies in validating and refining modeling outcomes for a 
comprehensive understanding of glaucoma surgical procedures. 
Despite its limitations, the model highlights the potential for 
CFD to assist in presurgical decision-making once adapted for 
patient-specific anatomical inputs.

The main purpose of the study was to test the immediate 
postoperative efficacy of competing glaucoma filtration surger-
ies using CFD as the main tool of study. A 3D model of an eye 
with idealized geometry was presented and employed to simu-
late 3 different types of glaucoma surgeries namely trabeculec-
tomy, NPDS and mNPDS. The resulting IOP values directly 
following the surgery (incisions open to atmosphere) and upon 
suturing were provided.

This comparative computational study employing CFD 
has provided valuable insights into the immediate postop-
erative efficacy of glaucoma filtration surgeries, specifically 
trabeculectomy, NPDS, and mNPDS. The CFD simulations 
demonstrated promising results in assessing IOP and immedi-
ate postoperative reduction rates for each surgical procedure. 
Notably, trabeculectomy and mNPDS displayed effective-
ness in achieving an appropriate postoperative IOP, while 
NPDS showed limited efficacy. Although NPDS without the 

membrane is no longer a standard that is used, the choice 
remains that of the surgeon.

The greatest advantage of this comparative CFD study is 
its ability to compare surgical outcomes without the inter-
ference of inter-individual variations. The CFD models were 
able to mimic results similar to those expected from clinical 
procedures, successfully showcasing the potential of CFD as 
a virtual tool for evaluating and comparing glaucoma surgical 
procedures.

CFD models possess the capability to function as digital twins 
with heightened clinical relevance through the incorporation of 
patient-specific or demographically representative geometric 
characteristics in a facile manner. Although this approach may 
differ from clinical outcomes, future studies will expand this 
CFD model to include diverse anatomical geometries, enhanc-
ing its clinical relevance. Additionally, a more comprehensive 
understanding of corneal biomechanics and postoperative scar-
ring effects could be achieved by integrating CFD with finite- 
element analysis. This collaborative approach would  
contribute to a more accurate representation of real-world 
conditions and improve the predictive capabilities of the CFD 
model. Despite these challenges, the current study demon-
strates the potential of CFD as a preliminary tool for evaluating 

Figure 5.  Velocity magnitude and flow patterns of aqueous humor for trabeculectomy (left), NPDS middle, and mNPDS (right). mNPDS = modified nonpene-
trating deep sclerectomy, NPDS = nonpenetrating deep sclerectomy.

Table 2

Comparison of CFD-simulated postoperative IOP values with clinical data for trabeculectomy, NPDS, and mNPDS.

Preoperative IOP [mm Hg] CFD post-op IOP [mm Hg] Clinical post-op IOP [mm Hg] % IOP reduction (CFD) Qualitative match

Trabeculectomy 18.9 7.0 10.9 63.0 Consistent trend
NPDS 24.22 22.22 19.0 ± 6.7 8.3 Within clinical range
mNPDS 25.8 6.98 12.2 ± 2.5 72.9 Consistent trend

CFD = computational fluid dynamics, IOP = intraocular pressure, mNPDS = modified nonpenetrating deep sclerectomy, NPDS = nonpenetrating deep sclerectomy.
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glaucoma surgical outcomes and warrants further exploration 
and validation through collaboration with clinical trials and 
additional refinement of the modeling approach.
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