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Abstract

Purpose: This study aimed to assess the effectiveness of an innovative intrastromal suturing technique in an exper-
imental rabbit model, comparing it to standard interrupted suturing, loose suture, and suturing with knot exposure.
Methods: Fourteen adult male New Zealand White rabbits were included in this study. Each rabbit underwent suturing
in both eyes, divided into four groups based on suturing techniques. The novel intrastromal suturing technique involved
burying the entire suture material within the corneal stroma. Corneal neovascularisation (CoNV) areas were evaluated
by image analysis and immune cell densities by in vivo confocal microscopy (IVCM).

Results: The intrastromal suturing group demonstrated significantly smaller CoNV areas at both | week and | month
post-suturing compared to other interventional groups, indicating effective mitigation of CoNV development and
progression. Moreover, this group exhibited lower immune cell densities in the superficial stromal layer and endothelial
layer, suggesting a reduced inflammatory response. Both the loose suture and the knot exposure groups exhibited
significant levels of CoNV and heightened immune cell densities.

Conclusion: This experimental study demonstrated effectiveness of intrastromal suturing technique in limiting CoNV
and immune cell infiltration, common contributors to graft rejection and complications. Furthermore, the study revealed
that loose sutures and those with exposed knots are likely to cause more severe CoNV and inflammation, compared to
the traditional interrupted suturing technique and intrastromal suturing.
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Introduction .
Corneal sutures may become loose during the post-

Keratoplasty is the gold standard surgical procedure that
allows the replacement of a diseased cornea with a clear
donor cornea in patients with corneal disorders that lead to
significant vision loss or threaten eyeball integrity.’
Conditions affecting only the corneal stroma can be
treated with lamellar keratoplasty, while those affecting
the corneal endothelium require endothelial keratoplasty.
However, penetrating keratoplasty is necessary if the full-
thickness cornea is involved.?

In both penetrating and lamellar keratoplasty, the donor
corneal button is usually sutured to the recipient bed using
an interrupted or continuous suturing technique.’ Both
techniques can give rise to a number of suture-related
problems in both the early and late postoperative periods.

operative follow-up secondary to wound healing, corneal
dehydration, the cheese-wiring effect, or biodegradation
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of 10-0 nylon sutures, even if the proper suturing
technique is implemented.* Loose sutures are con-
sidered more problematic than tight ones, as they can
cause suture-related infectious keratitis, corneal neo-
vascularization (CoNV), immune infiltrates, and re-
sultant graft rejection, all of which largely result from
suture erosion through the ocular surface.>® The re-
sultant graft rejection not only leads to graft dys-
function but also increases the risk of graft rejection
after repeated keratoplasty.” Therefore, loose and
broken sutures should be removed once they are ob-
served; however, timely management may not always
be possible, particularly if regular clinical attendance is
less likely. Furthermore, suture removal can be com-
plicated by wound dehiscence and unexpected
astigmatism. >’

Given these complications, cornea specialists are still
in search of new solutions to avoid suture-related
complications. This novel intrastromal suturing tech-
nique enables the suture material to be completely
placed inside the corneal stroma, thereby aiming to
eliminate the aforementioned suture erosion-related
complications.

Therefore, we aimed to evaluate the effect of intra-
stromal suturing technique in an experimental rabbit study
by comparing it with standard interrupted suturing
technique, loose suturing and knot exposure. Our as-
sessment includes the measurements of newly-developed
corneal neovascularization area after suturing, and im-
mune cells densities in different corneal layers on in vivo
confocal microscopy (IVCM).

Materials and Methods

This experimental study followed the guidelines on the care
and use of animals adopted by the Society for Neuroscience
and Association for Research in Vision and Ophthalmology.
The Animal Experiments Local Ethics Committee at the Gazi
University (Ankara, Turkey) approved the study (Approval
No/Date: 21.047/22.06.2021).

Animals

Fourteen adult male New Zealand White rabbits
weighing 3000 to 4000 g were involved in this study.
We verified that all rabbits had healthy avascular
corneas before the experiment. All rabbits were
housed in a room with a 12:12 hour light—dark cycle.
Intramuscular ketamine hydrochloride (50 mg/kg)
and xylazine (5 mg/kg) were used for deep anaes-
thesia. Proparacaine hydrochloride 0.5% (Alcaine;
Alcon, Fort Worth, TX) was used for topical corneal
anaesthesia. Euthanasia was performed using cardiac
puncture under deep anaesthesia at the end of the
study.

Control and Treatment Groups

Both eyes of each rabbit were included in the study, with
different suturing techniques applied to the right and left
eyes. This approach was chosen to maximize data col-
lection while minimizing the number of animals used, in
accordance with ethical guidelines. We divided the eyes
into four groups according to the type of suturing. The
right eyes of first 7 rabbits underwent standard interrupted
suturing and served as the control group (n = 7), whereas
the left eyes of them did interrupted suturing with knot
exposure (n = 7). The right eyes of the remaining rabbits
underwent loose suturing (n = 7), while the remaining left
eyes did intrastromal suturing (n = 7). All sutures were
placed by a single ophthalmic surgeon (K.O.).

Treatment Protocols

Under the operating microscope, a 2-mm length full-
thickness incision was made 2 mm anterior to the supe-
rior surgical limbus using a straight knife angled at 15°
(Storz ophthalmic instruments, Germany). In all groups,
each 10-0 nylon suture (Ethicon, Johnson & Johnson,
USA) was positioned at a length of 2 mm, with 1 mm on
each side of the incision. Three sutures were placed, each
1 mm apart, in each eye. In the control group, sutures
traversed the stroma at approximately 90% depth on each
side of the incision, and they were tied using an initial
triple loop followed by two additional single loops. The
knots were buried on the limbal side. In the knot exposure
group, suturing was conducted similarly to the control
group, but the knot and suture tips remained unburied. In
the loose suturing group, a normal tension suture was first
positioned in the middle of the incision to prevent leakage.
Subsequently, 2.0 prolene suture material (Prolene Blue
Monofilament, Ethicon, Johnson & Johnson, USA) was
placed on the incision area parallel to the incision line.
Two additional sutures, 1 mm away from each side of the
initial suture, were tied, covering the prolene suture. The
prolene suture was then removed, and confirmation was
made that the additional two sutures had come loose. In
the intrastromal suturing group, the suture was placed so
that the entire suture material was buried inside the
stroma. Figure 1 illustrates the detailed steps of the in-
trastromal suturing technique. At the end of the suturing
procedure, the incisions were checked for leakage, and
moxifloxacin 0.5% (Vigamox, Alcon Laboratories) was
instilled four times a day for 1 month for bacterial
prophylaxis.

Analysis of CoNV Area

On the first week and first month, standard images were
captured at 10x magnification using software (Aver-
media, Taiwan) attached to the operating microscope
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Figure |. The basic steps of the intrastromal suturing technique. (A) A 10.0 nylon suture passes through 20-30% of the recipient
bed’s depth. (B) The needle re-enters the ocular surface at the same point where it previously exited, passing through 90% of the
recipient. (C) A 10.0 nylon suture passes through 90% of the donor button’s depth. (D) The needle re-enters the donor surface at the
same point where it previously exited, passing through 20-30% of the donor button’s depth. (E) The suture is tied with a triple loop
followed by two additional single loops. (F) The suture is buried on the limbal side.

(Moller-Wedel FS 3000, Haag Streit, Switzerland). To
standardize the area calculation, a millimetre ruler was
positioned in the vicinity of the CoNV area. Two masked
researchers (K.O and A.Y.U.) manually delineated the
CoNV area and measured its size using the Image J
program (Figure 2).'° The average of the two meas-
urements was considered for statistical analysis.

Analysis of IVCM Images

The Rostock Comea Module, attached to the Heidelberg
Retina Tomograph III (HRT III RCM) (Heidelberg Engi-
neering GmbH, Dossenheim, Germany), was utilized for
IVCM. Following the application of carbomer gel (Viscotears;
Fribourg, Switzerland) to the front surface of the microscope
lens and ensuring the absence of air bubbles, a single-use
TomoCap® was mounted, and a second drop of ophthalmic
gel was placed on the outer surface of the TomoCap®. Images
were acquired from the superficial stromal layer (corre-
sponding to the region where the Bowman’s layer is located in
species that have this structure) and the endothelial layer of the
cornea with a field size of 400 x 400 um, which primarily
captured the central and paracentral cornea. Due to technical

limitations, direct imaging of the peripheral comea where
sutures were placed was not feasible. Immune cells were
defined as round, dense, hyper-reflective cells with a size of
10 microns and larger, referencing a previous study.'' Immune
cell densities were measured using the ImageJ program. Ini-
tially, immune cells were automatically selected using the
thresholding method. Subsequently, the image was binarized
to display only immune cells, and immune cells were counted
automatically using ROI Manager in the Image J program.
Finally, the number of immune cells per mm?® (immune cell
density) was calculated (Figure 3). To ensure consistency in
immune cell density measurements, all [IVCM images were
captured as perpendicular to the corneal surface as possible.
Minor variations in imaging angle were unavoidable due to
comneal curvature. To correct for these variations, immune cell
density calculations were standardized by expressing cell
counts per mm?, normalizing for differences in image capture
area. Additionally, excessively oblique or distorted images
were excluded from analysis.

Furthermore, a comprehensive ophthalmic examination
was performed on all rabbits at each follow-up visit. This
included slit-lamp biomicroscopy to assess for signs of anterior
uveitis, such as aqueous flare or keratic precipitates.
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Figure 2. Method for calculating the area of corneal neovascularization. (A) A standard magnification image of the CoNV area,
unmarked. (B) A magnified view of the CoNV area, delineated with manual markings. (C) A standard magnification image of the CoNV
area with markings.
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Figure 3. Method for calculating immune cell density. (A) A standard IVCM image of the superficial stromal layer. (B) Thresholding
separates the immune cells from other structures in the superficial stromal layer. (C) The image is binarized, making only the immune
cells visible. (D) Immune cell count in the superficial stromal layer is calculated. (E) A standard IVCM image of the endothelial layer. (F)
Thresholding separates the immune cells from other structures in the endothelial layer. (G) The image is binarized, making only the
immune cells visible. (H) Immune cell count in the endothelial layer is calculated.

Statistical Analysis

Before commencing the experiment, the sample size of
each group was determined, considering the power of
each analysis to be > 0.8 using Gpower 1.3.9.4 version
software. The collected data from the present study were
analysed using SPSS software for Windows version 22.0
(Chicago, IL). The Kruskal-Wallis test was employed to
compare the CoNV areas and immune cell densities
among the groups. Additionally, Tamhane’s T2 post hoc
test was utilized for pairwise comparisons. Outcomes
were presented using boxplots due to the nonparametric

distribution of the collected data. A P-value less than
0.05 was considered statistically significant.

Results

Morphologic Evaluation of CoNV Area

The development of corneal neovascularization (CoNV)
varied in intensity among all eyes subjected to suturing.
However, the CoNV area was notably smaller in the in-
trastromal suturing group during the first week, measuring
3.8+2.0 mm?. This was significantly less compared to the
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other groups, where the CoNV areas were 11.8 + 3.9 mm?
in the control group, 17.8 + 4.9 mm? in the knot exposure
group, and 16.8 + 5.9 mm? in the loose suturing group
(P = 0.022, Figure 4A). Moving to the first month, the
CoNV area slightly increased to 4.2 + 1.6 mm? in the
intrastromal suturing group but remained markedly
smaller than the other groups. Specifically, the CoNV
areas were 13.5 = 3.6 mm? in the control group, 16.7 +
.3 mm? in the knot exposure group, and 18.7 + 3.8 mm? in
the loose suturing group (P = 0.037, Figure 4C). Figure 5
displays representative anterior segment images for all
groups at both the first week and the first month.

Evaluation of Immune Cell Density

Immune cells infiltrated the corneal layers in all eyes
1 month after suturing. Examining immune cell density in
the superficial stromal layer, it was 33.2 + 13.8 cells/mm?
in the intrastromal suturing group, which was lower
compared to the other groups (46.4 + 12.3 cells/mm? in
the control group, 78.8 + 22.7 cells/mm? in the knot
exposure group, and 75.7 + 24.1 cells/mm? in the loose

suturing group, P = 0.004, Figure 4B). The immune cell
density in the endothelial layer was 32.7 + 13.5 cells/mm?,
similar to that of the superficial stromal layer in the in-
trastromal group; however, it was still lower than those in
endothelial layers in the other groups (46.7 + 14.8 cells/
mm? in the control group, 44.2 + 19.0 cells/mm? in the
knot exposure group, and 46.1 £ 16.5 cells/mm? in the
loose suturing group, P = 0.008, Figure 4D). Figure 6
displays representative IVCM images in all groups at both
the superficial stromal layer and the endothelial layer.

No clinical signs of anterior uveitis, such as aqueous
flare or keratic precipitates were observed in any rabbits
during the follow-up period.

Discussion

The present study introduces a novel intrastromal suturing
technique designed to mitigate suture-related complica-
tions. The evaluation of this technique in an experimental
rabbit model provides valuable insights into its potential
benefits compared to standard interrupted suturing. The
morphologic evaluation revealed a significant reduction
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Figure 4. Corneal neovascularization areas and immune cell densities in the groups. (A) CoNV areas at the first week in each
group. In pairwise comparison of each group with the intrastromal suturing group, P < 0.001 for the intrastromal suturing group vs the
control group, P < 0.001 for the intrastromal suturing group vs the knot exposure group, and P < 0.001 for the intrastromal suturing
group vs the loose suturing group. (B) Immune cell densities at the first month in the superficial stromal layer in each group. In
pairwise comparison of each group with the intrastromal suturing group, P = 0.036 for the intrastromal suturing group vs the control
group, P <0.001 for the intrastromal suturing group vs the knot exposure group, and P < 0.001 for the intrastromal suturing group vs
the loose suturing group. (C) CoNV areas at the first month in each group. In pairwise comparison of each group with the
intrastromal suturing group, P < 0.001 for the intrastromal suturing group vs the control group, P < 0.001 for the intrastromal suturing
group vs the knot exposure group, and P < 0.001 for the intrastromal suturing group vs the loose suturing group. (D) Immune cell
densities at the first month in the endothelial layer in each group. In pairwise comparison of each group with the intrastromal
suturing group, P = 0.047 for the intrastromal suturing group vs the control group, P = 0.004 for the intrastromal suturing group vs the
knot exposure group, and P = 0.003 for the intrastromal suturing group vs the loose suturing group.
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Figure 5. Representative images of each group at different time point. |A- Appearance of sutures shortly after the completion of
loose suturing. IB- Visualization of sutures soon after completing the suturing process, characterized by exposed knots. IC-
Appearance of sutures shortly after the completion of standard interrupted suturing. ID- This image shows the sutures as visualized
soon after completing the intrastromal suturing technique. [IA- Neovascular vessels sprouting into loose sutures at the first week.
IIB- Exposed knots leading to the development of CoNYV at the first week. IIC- CoNV reaching the suturing area | week after standard
interrupted suturing. l1ID- Minimal CoNV development not reaching the suturing area | week after intrastromal suturing. IlIA-
Neovascular vessels sprouting beyond loose sutures at the first month. IlIB- CoNV area increased in density in the first month
compared to the first week. IlIC- CoNV remained unchanged from the first week to the first month. [IID- CoNV area decreased in size

and density from the first week to the first month.

of the CoNV area in the intrastromal suturing group
compared to other groups at both 1 week and 1 month
post-suturing. This outcome suggests that the novel
technique effectively limits the development and pro-
gression of CoNV. The smaller area of CoNV observed in
the intrastromal suturing group is particularly promising,
as excessive corneal neovascularization can compromise
corneal transparency and lead to the rejection of corneal
transplant grafts. Furthermore, this study has also shown
that CoNV is significantly present in both loose suturing
and knot exposure cases. These results indicate that loose
suturing stimulates corneal neovascularization as mark-
edly as knot exposure does, thereby explaining why it is
considered an alarming sign.

The infiltration of immune cells in the corneal layers is
a crucial aspect of the inflammatory response. The in-
trastromal suturing group demonstrated lower immune
cell densities in both the superficial stromal and endo-
thelial layers compared to other groups. This finding

suggests that the novel suturing technique may elicit
a reduced inflammatory response, potentially minimizing
the risk of complications associated with immune cell
infiltration, such as graft rejection. In clinical settings, this
may be particularly beneficial in paediatric keratoplasties
where postoperative inflammation and immune reaction
can be extensive. Moreover, similarly to the induction of
CoNV, it appears that loose suturing plays as significant
a role in stimulating the immune response as knot
exposure does.

A well-tied nylon suture, known to be resistant to
hydrolysis and biological degradation over time, extends
smoothly on the corneal surface to eventually become
covered by epithelial cells, with its knot embedded in the
stroma. It is known that the superficial portion of a nylon
suture left in the cornea tends to undergo earlier hydrolysis
and biological degradation compared to its deeper por-
tion.'? Superficial sutures left in the cornea can lead to
subepithelial fibrosis and an inflammatory reaction due to
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Figure 6. Representative IVCM images of each group. IA, IB, IC, and ID illustrate the superficial stromal layers of the rabbits in each
group prior to the experiment. Similarly, lllA, l1IB, IlIC, and IlID depict the endothelial layers. Notably, both layers lack immune cells.
IIA and IVA reveal significant immune cell infiltration in the superficial stromal and endothelial layers, respectively, for the loose
suturing group. 1B and IVB display similar infiltration in the knot exposure group. In the standard suturing group, IIC and IVC
demonstrate moderate immune cell infiltration in the superficial stromal and endothelial layers, respectively. [ID and IVD indicate
relatively lower immune cell infiltration in the superficial stromal and endothelial layers, respectively, for the intrastromal suturing

group, compared to the other groups.

late suture loosening.'®> Following penetrating kerato-
plasty performed using the standard interrupted suture
technique, sutures tend to loosen for various reasons,
resulting in suture erosion on the ocular surface. In the
early stages, inadequate tightening during suturing and
changes in corneal hydration balance are among the main
causes of suture loosening. In the later stages, sutures may
loosen due to incomplete epithelial barrier formation
along the suture line, allowing microorganisms to pene-
trate the stroma and cause infiltrates. Moreover, late suture

loosening and breakage can occur due to biodegradation
of the nylon suture material. Ultimately, superficial su-
tures may contribute to epithelial erosion.'?

Christo et al* reported suture loosening at a rate of
8.3%, suture erosion at 10.8%, suture-related sterile in-
filtrates at 9.4%, and suture-related infectious keratitis at
3.3% in 361 cases of penetrating keratoplasty with an
average follow-up of 4.2 years in 332 patients. Further-
more, Crawford et al'* observed suture erosion, loosen-
ing, or breakage in 31% of patients with an average
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follow-up of 40 months after 913 keratoplasties. Singar
et al'> noted that 59 out of 633 patients who underwent
penetrating keratoplasty required resuturing, with loose
sutures being the most common reason, accounting for
63% of cases. Moreover, Sharma et al'® emphasized that
suture loosening is a significant risk factor for graft re-
jection and highlighted the role of corneal neo-
vascularization and suture infiltrates in the rejection
mechanism. The underlying pathological mechanism is
attributed to the suture material itself being angiogenic or
mechanical stress-induced angiogenic substance secretion
in epithelial cells due to interaction between the un-
epithelialized suture material and surrounding tissue, as
well as the attraction of lymphocytes and macrophages by
sutures, leading to the secretion of angiogenic substances
following complications and intense inflammation.'”-'®
Similarly, the knot exposure and loose suturing groups in
this study showed significant CoNV and immune cell
infiltration. Furthermore, Bachmann et al' conducted
a meta-analysis of 24 944 keratoplasties across 19 studies
and found that the presence of corneal neovascularization
increased the risk of graft failure by 1.32 times and graft
rejection by 2.07 times. They also noted that as the
number of quadrants involved increased, the risk of re-
jection also increased.

In paediatric keratoplasty, almost all cases show early
suture loosening post-surgery. Therefore, it is recom-
mended to remove the sutures within the first 3 months.?°
Following paediatric keratoplasty, there is a 10-50%
occurrence of microbial keratitis and a 12-43.4% rate of
graft rejection, most of which develop secondarily to
loose sutures.”’ In light of this knowledge, the use of
intrastromal suturing techniques, which prevent suture
erosion, CoNV development, and excessive immune re-
sponse, becomes even more valuable in cases of paediatric
keratoplasty.

To prevent suture-related complications, Busin
et al’? initially performed suturing using an intra-
stromal suture technique on 17 patients with kerato-
conus. In this technique, the suture entered the
midstroma and exited from the endothelium, then re-
entered the midstroma from the opposite side and was
tied. Not all of the suture was placed within the in-
trastromal region, as a portion was left in the anterior
chamber. Sutures were removed at 3 months, and the
patients’ refractive outcomes were evaluated. The
average endothelial cell loss was 22.4%, and no suture
complications were observed in any of the patients.
However, in our intrastromal suturing technique, the
entire suture remains within the intrastromal area,
ensuring no damage to the endothelium.

This study has certain limitations that should be
acknowledged. The experimental nature of the model
in rabbits may not fully represent the complexities and
variations encountered in human keratoplasty.

Additionally, the short-term follow-up in this study
may not capture potential long-term complications or
benefits associated with the intrastromal suturing
technique. Moreover, the intrastromal suture technique
is technically more challenging compared to the tra-
ditional suture techniques commonly used in pene-
trating keratoplasties. Furthermore, removing sutures
can be challenging since the entire suture is buried
intrastromally. Astigmatic management can be ach-
ieved using YAG laser suturolysis or with a needle cut
without the need for suture removal. As we know from
other suture techniques, suture remnants left in the
intrastromal area degrade very slowly and rarely lead to
complications. Another unknown aspect of this tech-
nique is the long-term stabilization of sutures and their
astigmatic effects. While this study focused on eval-
uating the immune response and neovascularization
induced by different suturing techniques, we ac-
knowledge that keratoplasty involves additional im-
mune challenges, such as immune reaction to donor
tissue, which is critical in the success or failure of
corneal transplantation. Future research incorporating
rabbit corneal transplant models is recommended to
explore the combined effects of donor tissue and su-
turing techniques on immune activation, neo-
vascularization, and graft survival.

Furthermore, we acknowledge that corneal topog-
raphy and astigmatism are important considerations in
keratoplasty, particularly in pediatric cases where
corneal shape significantly influences postoperative
visual outcomes. In our study, we did not assess corneal
topographic changes, and therefore, we cannot de-
termine whether the intrastromal suturing technique
induces higher astigmatism compared to other tech-
niques. Future studies should incorporate corneal to-
pography and astigmatic assessments to better
understand the biomechanical effects of different su-
turing techniques and their long-term implications for
corneal stability and visual outcomes.

In conclusion, the intrastromal suturing technique
demonstrates promising results in reducing CoNV and
immune cell infiltration in an experimental rabbit
model. In clinical translation, these findings suggest
potential benefits in minimizing suture-related com-
plications associated with traditional keratoplasty
techniques. Further clinical investigations are neces-
sary to validate these outcomes and assess the long-
term safety and efficacy of the intrastromal suturing
technique in human subjects.
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