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Subfoveal choroidal thickness
Increases after excimer
laser-assisted penetrating
keratoplasty but not after excimer
laser-assisted deep anterior
lamellar keratoplasty

Wissam Aljundi™’, Loay Daas, Cristian Munteanu, Berthold Seitz & Alaa Din Abdin

To evaluate the impact of excimer laser-assisted deep anterior lamellar keratoplasty (Exc-DALK) and
excimer laser-assisted penetrating keratoplasty (Exc-PKP) on subfoveal choroidal thickness (SFCT)

in eyes with advanced keratoconus. A retrospective comparative clinical study, which compares the
outcomes of 24 eyes treated with Exc-DALK (G1) against matched group of 43 eyes treated with
Exc-PKP (G2) at both 2 months (T1) and 2 years (T2) postoperatively. Main outcomes included best-
corrected visual acuity (BCVA), central macular thickness (CMT), and SFCT. Preoperatively, there were
no significant differences between both groups regarding BCVA, CMT or SFCT (p>0.05). There were
no significant differences between both groups regarding BCVA at both follow-ups (p>0.05). There
were no significant differences between both groups regarding CMT at both follow-ups (p>0.05). SFCT
was higher in G2 than G1 at both follow-ups (p <0.01). Compared to preoperative SFCT, there were no
significant changes in SFCT in G1 at both follow-ups (p>0.05). In G2, SFCT increased significantly at
T1 (p<0.01) and did not differ significantly at T2 (p=0.17). SFCT increased significantly after Exc-PKP
but not after Exc-DALK, which might indicate that Exc-DALK affects the choroid less and thus could
represent a less traumatic approach to ocular tissue than Exc-PKP.
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Keratoconus (KC) is the most common form of primary corneal thinning and is usually defined as bilateral,
asymmetric, progressive corneal ectasia leading to irregular astigmatism and visual impairment"* Depending
on disease progression, a variety of treatment options might be considered, including contact lens fitting, surgical
treatment with corneal cross-linking, corneal ring segment implantation, or corneal transplantation. Further
progression of the disease results in severe visual impairment that cannot be corrected with contact lenses due
to severe stromal thinning, scarring, and, in the worst case, acute corneal hydrops**.

Besides traditional penetrating keratoplasty (PKP), deep anterior lamellar keratoplasty (DALK) represents
nowadays an alternative surgical treatment option for patients with advanced KC. The main advantage of DALK
is that the host corneal endothelium is not subject to immune rejection postoperatively. Furthermore, DALK
represents a closed-system procedure compared to the open-globe technique used in PKP and topical corticos-
teroids can usually be discontinued earlier postoperatively">.

In our department, patients with advanced KC are routinely treated with excimer laser-assisted PKP (Exc-
PKP) or excimer laser-assisted DALK (Exc-DALK). The concept of Exc-DALK has been developed at the
Department of Ophthalmology of Saarland University Medical Center and consists of an excimer laser-assisted
trephination of 80% of the midperipheral corneal thickness measured with anterior segment optical coherence
tomography (AS-OCT). The indications and contraindications of Exc-DALK are similar to mechanical DALK?.
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Increased choroidal thickness might represent a risk factor or increase the risk of other ocular diseases such
as vascular occlusion or pachychoroid disease spectrum (PDS)®*°. And since the choroid is an extremely sensi-
tive tissue for changes in ocular perfusion, a postoperative increase in choroidal thickness could indicate the
incidence of intraoperative perfusion fluctuations or the amount of surgical trauma produced to the ocular tissue
intraoperatively’. Recent papers concluded, that the choroidal thickness in patients with KC is significantly higher
than in healthy controls of the same age groups. This could be due to the currently widely discussed inflammatory
component involved in the KC''"'*, Since corneal transplantation represents the ultima ratio for patients with KC
and the impact of different types of corneal transplantation on the posterior pole of the eye has so far only been
focused on changes in macular thickness and the development of postoperative macular edema'”, our main aim
was to broaden the current evidence by investigating the behaviour of the “already increased” choroidal thickness
in patients with KC after corneal transplantation. In this study, we evaluate and compare the short- and long-term
impact of both Exc-DALK and Exc-PKP on subfoveal choroidal thickness (SFCT) in patients with advanced KC.

Materials and methods

A retrospective monocentric study approved by the Ethics Committee of Saarland/Germany (Ha 245/20) and
performed in accordance with the declaration of Helsinki. We analysed the data of all patients who under-
went Exc-DALK at the Department of Ophthalmology, Saarland University Medical Center, Homburg/Saar,
Germany, between January 2014 and December 2020 and included 30 eyes of 26 patients matching our below
mentioned inclusion and exclusion criteria (GI). An Exc-PKP comparison group (G2) was created randomly by
our statistical team after performing a pseudorandom stratified bootstrapping of the main database for corneal
transplantation in our department, matching the main characteristics (KC as indication for keratoplasty, KC
stage, age, preoperative tomographic properties, graft diameter and surgeon) and regarding our inclusion and
exclusion criteria.

The inclusion criteria

I. Patients of both genders aged 18 years or above, who underwent Exc-DALK or Exc-PKP at our depart-
ment with a minimum follow-up of 18 months.
II.  KC as indication for corneal transplantation.
III.  KC stage of 3 or 4. This was classified according to Pentacam’s topographic keratoconus classification
(TKC), which consists of five stages: 0 (normal), 1 (suspicious), 2 (mild), 3 (moderate) or 4 (severe KC)*¢.
IV.  Central primary corneal transplantation wit Graft diameter 8.1 mm and trephine diameter of host cornea
8.0 mm.

The exclusion criteria

I. History of any form of herpetic keratitis or keratouveitis.

II.  History of acute corneal hydrops.

III. History of corneal crosslinking.
IV.  Any form of previous keratoplasty.

V. Concomitant ocular or systemic pathology affecting visual acuity, central macular thickness (CMT), or
SFCT, such as a history of retinal occlusion, a history of any form of uveitis, history of infectious diseases
in the posterior pole, any form of diabetic retinopathy (DR) or diabetic macular edema (DME)°.

VI.  Any disorder of the PDS such as chorioretinopathy centralis serosa (CCS).
VIL. Intraoperative Descemet’s membrane perforation during Exc-DALK.
VIII.  Any type of corneal vascularization.

Surgeries in both groups were performed by one of two surgeons (LD, BS) following a standardized surgical
approach. In case of macro or microperforation during Exc-DALK, the operation was converted to Exc-PKP.
These patients were not included in this study.

Main outcome measures included best-corrected visual acuity (BCVA, collected in decimal and converted to
equivalent logMAR), CMT (um) as measured by Spectral Domain Optical Coherence Tomography (Spectralis
SD-OCT; Heidelberg Engineering, Heidelberg, Germany), as well as SECT (um) using enhanced depth imaging
OCT (EDI-OCT; Heidelberg Engineering, Heidelberg, Germany). EDI-OCT images were taken by different
technicians and analysed in a masked manner by one experienced ophthalmologist. SFCT (in pm) was defined
as the vertical distance from the hyperreflective line of Bruch’s membrane to the hyperreflective line of the inner
surface of the sclera as shown in Fig. 1. SFCT was measured using EDI-OCT as explained, which has high intra-
and interobserver reproducibility’”!®.

Statistical analysis

Data from medical records was collected with Microsoft Excel 2010 (Microsoft Corporation, Redmond, WA,
USA) and analysed with SPSS version 26 (SPSS Inc., Chicago, IL, USA). To compare means we used the paired
samples test, as well as the Mann-Whitney U test for non-normally distributed variables. To compare categorical
variables, we used the Chi-square (y?) test. To assess the behaviour of the various parameters in both postopera-
tive follow-ups (T1 and T2), we used the Friedman test. In case of a significant difference, we compared the two
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Figure 1. Assessment of subfoveal choroidal thickness (SFCT, pm) using enhanced depth imaging optical
coherence tomography (EDI-OCT). SFCT (in um) was defined as the vertical distance from the hyperreflective
line of Bruch’'s membrane to the hyperreflective line of the inner surface of the sclera represented by the
discontinued yellow line.

follow-ups with the preoperative data using Wilcoxon test. Correlations were tested with Pearson’s correlation
coefficient (r). The mean values * standard deviation of the data are presented, and differences were considered
significant if p <0.05.

Ethics statement

The studies involving human participants were reviewed and approved by Ethics Committee of the Medical
Association of Saarland, Germany (Ha 245/20). Written informed consent for participation was waived by the
ethics committee due to the retrospective nature of this study in accordance with the national legislation and
the institutional requirements.

Results

This study included 67 eyes of the Homburg Keratoconus Center (HKC) treated with Exc-DALK (G1, 24 eyes) or
Exc-PKP (G2, 43 eyes). The mean age at the time of surgery (years) was 34+10 in G1 and 38 +9 in G2 (p=0.15).
Based on TKC classification, KC stage was 3 in 7 eyes (29%) and 4 in 17 eyes (71%) in G1 and 3 in 15 eyes (35%)
and 4 in 28 eyes (65%) in G2 (p=0.22).

BCVA (logMAR) was 1.08 £0.38 in G1 and 0.97£0.37 in G2 (p=0.31). Preoperative CMT (pm) was 299 +49
in G1 and 302+ 30 in G2 (p=0.34). Preoperative SFCT (pum) was 320+ 60 in G1 and 342+ 50 in G2 (p=0.06).

The first follow-up (T1) occurred in both study groups at about 2 months postoperatively. BCVA (logMAR)
at T1 was 0.41+0.23 in G1 and 0.49+0.19 in G2 (p=0.09). CMT (um) at T1 was 284 +35 in G1 and 293 +27
in G2 (p=0.11). SECT (um) at T1 was 315+ 49 in G1 and 376 £42 in G2 (p <0.001). The second follow-up (72)
occurred in both study groups at about 2 years postoperatively and after final suture removal. BCVA (logMAR)
at T2 was 0.28 £0.09 in G1 and 0.36 £ 0.21 in G2 (p=0.12). CMT (um) at T2 was 291 £29 in G1 and 299+ 21 in
G2 (p=0.31). SFCT (um) at T2 was 309 +57 in G1 and 358 £43 in G2 (p=0.007).

Postoperatively, there was a significant improvement in BCVA in both groups (p <0.001 in G1 and G2, Fried-
man test). There was a significant improvement in both groups at both follow ups compared to the preopera-
tive BCVA (p<0.01 in G1 and G2 at both follow-ups, Wilcoxon test). The changes of BCVA in both groups are
shown in Fig. 2.

Postoperatively, there were no significant changes in CMT in both groups (p >0.05 in G1 and G2, Friedman
test). The changes of CMT in both groups are shown in Fig. 3.

Regarding SFCT, there were no significant differences postoperatively in G1 (p=0.62, Friedman test). In con-
trary, SFCT increased significantly postoperatively in G2 (p =0.04, Friedman test). Compared with preoperative
SECT in G2, SFCT increased significantly at T1 (p=0.01, Wilcoxon test) and did not differ significantly at T2
(p=0.11, Wilcoxon test). The changes of SFCT in both groups are shown in Fig. 4.

There was no significant difference between the two groups regarding axial length (AL). AL (mm) was
24.18+0.76 in G1 and 23.98 +1.18 in G2 (p=0.48). However, there was a significant negative correlation between
AL and SFCT in the overall sample (r=-0.61, p<0.001), as well as in G1 (r=-10.53, p=0.01) and G2 (r=-0.70,
p<0.001) separately.
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Change of best-corrected visual acuity (BCVA, logMAR) in both study groups

M Exc-DALK
M Exc-PKP

140

Mean best-corrected visual acuity (BCVA, logMAR)

Preoperatively ™ T2
Error Bars: 95% CI

Figure 2. Changes of best-corrected visual acuity (BCVA, logMAR) in both groups during the observation
period. There were no significant differences between the two groups regarding BCVA preoperatively, as
well as at both follow-ups (p>0.05). T1 first postoperative follow-up (2 months postoperatively), T2 second
postoperative follow-up (2 years postoperatively), Exc-DALK excimer laser-assisted deep anterior lamellar
keratoplasty, Exc-PKP excimer laser-assisted penetrating keratoplasty.

Change of central macular thickness (CMT, um) in both study groups

M Exc-DALK
M Exc-PKP

Mean central macular thickness (CMT, pm)
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Error Bars: 95% CI

Figure 3. Changes of central macular thickness (CMT, pm) in both groups during the observation period.
There were no significant differences between the two groups regarding CMT preoperatively, as well as at both
follow-ups (p>0.05). T1 first postoperative follow-up (2 months postoperatively), T2 second postoperative
follow-up (2 years postoperatively), Exc-DALK excimer laser-assisted deep anterior lamellar keratoplasty, Exc-
PKP excimer laser-assisted penetrating keratoplasty.
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Change of subfoveal choroidal thickness (SFCT, um) in both study groups
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Figure 4. Changes of subfoveal choroidal thickness (SFCT, pm) in both groups during the observation period.
Preoperatively, there was no significant difference in SECT between the two groups (p=0.06). SFCT was
significantly higher in Exc-PKP group (G2) than in Exc-DALK group (G2) both at first follow-up (T1: 2 months
postoperatively, p <0.001), and at second follow-up (T2: 2 years postoperatively, p=0.007). Exc-DALK excimer
laser-assisted deep anterior lamellar keratoplasty, Exc-PKP excimer laser-assisted penetrating keratoplasty.

There was no significant correlation between ABCVA (BCVA at T2—preoperative BCVA) and ASFCT (SFCT
at T2—preoperative SFCT) in both G1 (Pearson r=-0.34, p=0.25) and G2 (Pearson r=-0.18, p=0.95).

Discussion

The choroid is an extremely sensitive tissue that responds strongly to ocular inflammation, trauma and changes
in ocular blood flow. This fact encourages us to investigate the clinically invisible impact of different types of
corneal transplantation on the choroid using SFCT. This might indicate which of the two main types of corneal
transplantation would produce less surgical trauma to the ocular tissues. The significant increase in SFCT in G2
about 2 months after Exc-PKP compared to preoperative SFCT represents the main finding of the present study.
Contrarily, SECT remained without significant changes in both follow-ups in G1 despite performing Exc-DALK.

Moreover, we found an increased preoperative SFCT in both study groups. This corresponds with the results
of the recently published papers regarding the increased SFCT in KC eyes!»'*!* In 2020, Bilgin et al. reported
an SFCT (um) of 363.9 +59.8 in KC eyes versus 328.4 +67.2 in the control group of healthy eyes. Still, Pinheiro-
Costa et al. found in the same year that SFCT is not a disease progression marker'*.

The choroid is the most vascularized tissue of the eye and also the tissue with the highest blood flow per unit
weight'’. During PKP, the eye experiences a massive perfusion fluctuation especially after complete trephination,
and this requires a high level of awareness on the part of the anesthesia team by actively keeping the patient in
hypotension status as well as the surgeon to avoid globe decompression leading to the most devastating compli-
cation, i.e. suprachoroidal hemorrhage (SCH), which appears in 0.1% of the eyes undergoing a PKP'**. To the
best of our knowledge, none of the major papers on outcomes of DALK reported any SCH?!-%%, This fact alone
might lead us to consider that DALK affects the uveal track and mainly the choroid less than PKP. The signifi-
cantly higher SFCT observed after Exc-PKP compared to Exc-DALK in both follow-ups in short and long-term
could support this assumption. Even though being very rare and not widely investigated in the literature>-?’,
this consideration could be crucial when indicating keratoplasty in a young patient with advanced KC and a
history of any disorder of PDS such as CCS. For such cases, DALK might be a better option to avoid progression
or decompensation of the retinal pigment epithelium (RPE) as much as possible.

Although this study included SFCT reasonably shortly after surgery at the first follow-up (approximately
2 months postoperatively), we still lack SFCT measurements immediately after surgery. This might be important
as the choroid is an extremely sensitive tissue regarding changes in ocular perfusion. This lack of data is due to
the technical difficulty of obtaining a good view through the still thickened corneal graft in order to properly
investigate the choroid. This would be very interesting to better understand the choroidal perfusion and how the
choroid behaves directly after completing a full-thickness trephination. Furthermore, it might be important to
find out, whether the significant increase in SFCT we observed at the first follow-up is a slow constant increase
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or occurred immediately after surgery and reached its peak at some point before returning to its preoperative
value at the last follow-up (approximately 2 years postoperatively). Here, further larger prospective studies, as
well as improvement of the measurement requirement of EDI-OCT are necessary.

The retina as well as the blood-retinal barriers could be affected by the elevated inflammatory mediators after
ocular surgery. This also affects the CMT and could lead to cystoid macular edema (CME). This aspect is well
investigated after cataract surgery?®. In contrast, the change in CMT after corneal transplantation is less examined.
Genevois et al. found in 2007 that there was no significant difference in the CME ratio after PKP compared to
DALK?®. Nevertheless, the eyes studied were very heterogeneous regarding the diagnosis, the surgery performed,
and the technique used. In contrast, Acar et al. found in 2011 that CMT significantly increased after PKP one
week and one month postoperatively, while remaining stable after DALK". According to their paper, this increase
is attributed to the surgical trauma and the enhanced intraocular manipulation during PKP. Furthermore, the
increase in macular thickness was attributed to an inflammatory reaction and increasing prostaglandin concen-
tration in the vitreous cavity due to surgical manipulation after PKP. Acar et al. observed an increase in CMT
after PKP reaching a peak level one week postoperatively and remaining stable until one month before returning
to preoperative levels six months postoperatively. However, no patient in either group developed a postoperative
CME. In our study, CMT remained with no significant change in either group in both follow-ups. Moreover,
CMT was not significantly different between both groups preoperatively and in both follow-ups. This difference
between the results of Acar et al. and ours could be due to the fact that we used excimer laser-assisted trephina-
tion while performing PKP, which leads to a significant reduction of surgical trauma compared to the manual
trephination used in the paper of Acar et al. according to previously published papers®**.

For a long time, KC was considered as non-inflammatory ectasia of the cornea, due to the lack of neovascu-
larization or histological signs of inflammation in the excised KC corneas®. However, there is increasing evidence
in the literature that an altered extracellular matrix and collagen types, as well as an increase in pro-inflammatory
and inflammatory mediators are responsible for the development of KC'"'*33-36, An overexpression of inflamma-
tory molecules, mainly Interleukins IL-1, IL-4, IL-6, IL-10, IL-17, tumor necrosis factor o (TNF-a), and Interferon
y (IFN-y) was found in the tears of KC eyes. In addition, excessive eye rubbing, as well as wearing rigid contact
lenses strongly enhances the levels of inflammation in KC eyes®>*"-%,

These two pathomechanisms alone justify the investigation of choroidal alterations in KC. First, an altered
extracellular matrix and collagen types could affect the choroid, since collagen-I, which is highly altered in KC*,
is the main component for the media and adventitia of the vessel walls. In addition, many previously published
papers concluded that the choroid appears to be very sensitive to ocular inflammation. An increased choroidal
thickness was observed in the acute phase of several ocular inflammatory diseases or uveitis and, interestingly,
not in the remission phase!'*>-4, In this context, several published papers reported an increased choroidal thick-
ness in KC eyes compared with healthy eyes!>!34°,

Many previously published papers concluded that the use of an excimer laser-assisted trephination leads
to significantly better visual and functional outcomes after PKP compared to mechanical trephination due to
better postoperative topographic astigmatism and surface regularity. Moreover, the laser-assisted trephination
minimizes the exerted trauma on ocular tissue>**#-48, These advantages led us to conceptualize Exc-DALK to
maintain these advantages also for the lamellar approach. In particular, laser-assisted trephination would be
ideal for DALK because the trephination depth should be precisely controllable and with minimum subjective
influence from the surgeon compared to mechanical trephination. Furthermore, the laser-assisted trephination
would help to create “perfectly” matching incision margins and facilitate a total excision of the corneal stroma to
reach the naked Descemet’s membrane. This allows the patient to be able to achieve the best possible postopera-
tive visual acuity and reduces the risk of intraoperative perforation due to the reduced manual manipulation.
Moreover, these benefits are maintained, even in case of intraoperative perforation, since the excimer laser-
assisted keratoplasty could be continued and the operation could be finalized as Exc-PKP given the fact that a
full-thickness graft with good endothelium is available for this rescue strategy®>*.

In this study, we found no significant differences between the two study groups regarding BCVA. These results
are consistent with the majority of previously published papers. A meta-analysis investigated the results of a total
of sixteen previously published clinical trials involving 6625 eyes with KC that underwent corneal transplantation
(1185 eyes underwent DALK and 5440 underwent PKP) and revealed that BCVA (logMAR) was not significantly
different at 6, 12, 24 months follow-up between DALK and PKP*°.

The main potential limitations of our study were the retrospective nature of the work, a relatively small
population from a single medical centre, and the use of decimal visual acuity as opposed to ETDRS vision charts.

Conclusions

Early postoperatively, mean SFCT increased significantly after Exc-PKP and did not change significantly after
Exc-DALK. This might indicate that Exc-DALK as closed-system procedure affects the choroid less and thus
represents a less traumatic approach to ocular tissue than Exc-PKP. However, this finding did not affect visual
outcome of either surgery.

Data availability
The raw data supporting the conclusion of this article will be made available by the authors on reasonable request.

Received: 28 January 2024; Accepted: 28 June 2024
Published online: 03 July 2024

Scientific Reports |

(2024) 1415319 | https://doi.org/10.1038/s41598-024-66225-4 nature portfolio



www.nature.com/scientificreports/

References

1. Seitz, B. et al. DALK and penetrating laser keratoplasty for advanced keratoconus. Ophthalmologe 110, 839-848 (2013).

2. Daas, L., Hamon, L., Ardjomand, N., Safi, T. & Seitz, B. Excimer laser-assisted DALK: A case report from the Homburg Keratoconus
Center (HKC). Ophthalmologe 118, 1245-1248 (2021).

3. Shams, M., Sharifi, A., Akbari, Z., Maghsoudlou, A. & Tajali, M. R. Penetrating keratoplasty versus deep anterior lamellar kerato-
plasty for keratoconus: A systematic review and meta-analysis. J. Ophthalmic Vis. Res. 17, 89 (2022).

4. Seitz, B. et al. Stage-appropriate treatment of keratoconus. Ophthalmologe 118, 1069-1088 (2021).

5. Reinhart, W. J. et al. Deep anterior lamellar keratoplasty as an alternative to penetrating keratoplasty: A report by the American
Academy of Ophthalmology. Ophthalmology 118, 209-218 (2011).

6. Keidel, L. F. et al. Pachychoroid disease and its association with retinal vein occlusion: A case-control study. Sci. Rep. 11, 1-8
(2021).

7. Cheung, C. M. G. et al. Pachychoroid disease. Eye 33, 14-33 (2019).

8. Nagia, L. et al. Peripapillary pachychoroid in nonarteritic anterior ischemic optic neuropathy. Investig. Ophthalmol. Vis. Sci. 57,
4679-4685 (2016).

9. Abdin, A. D,, Suffo, S., Fries, F. N., Kaymak, H. & Seitz, B. Uniform classification of the pachychoroid spectrum disorders. Oph-
thalmologe 118, 865-878 (2021).

10. Nikkhah, H. et al. Choroidal thickness in acute non-arteritic anterior ischemic optic neuropathy. J. Ophthalmic Vis. Res. 15, 59
(2020).

11. Bilgin, B. & Karadag, A. S. Choroidal thickness in keratoconus. Int. Ophthalmol. 40, 135-140 (2020).

12. Akkaya, S. Macular and peripapillary choroidal thickness in patients with keratoconus. Ophthalmic Surg. Lasers Imaging Retina
49, 664-673 (2018).

13. Pinheiro-Costa, J. et al. Increased choroidal thickness in keratoconus patients: Perspectives in the disease pathophysiology. Sci.
Rep. 2019, 2453931 (2019).

14. Pinheiro-Costa, . et al. Increased choroidal thickness is not a disease progression marker in keratoconus. Sci. Rep. 10, 1-9 (2020).

15. Acar, B. T., Muftuoglu, O. & Acar, S. Comparison of macular thickness measured by optical coherence tomography after deep
anterior lamellar keratoplasty and penetrating keratoplasty. Am. J. Ophthalmol. 152, 756-761 (2011).

16. Labiris, G. et al. Biomechanical diagnosis of keratoconus: Evaluation of the keratoconus match index and the keratoconus match
probability. Acta Ophthalmol. 91, e258-e262 (2013).

17. Aljundi, W. et al. Choroidal thickness as a possible predictor of non-response to intravitreal bevacizumab for macular edema after
retinal vein occlusion. Sci. Rep. 13, 451 (2023).

18. Malamas, A., Dervenis, N, Kilintzis, V., Chranioti, A. & Topouzis, E. Inter-and intraobserver repeatability and reproducibility of
choroidal thickness measurements using two different methods. Int. Ophthalmol. 39, 1061-1069 (2019).

19. Bandivadekar, P., Gupta, S. & Sharma, N. Intraoperative suprachoroidal hemorrhage after penetrating keratoplasty: Case series
and review of literature. Eye Contact Lens 42, 206-210 (2016).

20. Chu, T. G. & Green, R. L. Suprachoroidal hemorrhage. Surv. Ophthalmol. 43, 471-486 (1999).

21. Sarnicola, E., Sarnicola, C. & Sarnicola, V. Deep anterior lamellar keratoplasty: Surgical technique, indications, clinical results and
complications. Cornea 6, 81-101 (2015).

22. Sarnicola, V., Toro, P, Gentile, D. & Hannush, S. B. Descemetic DALK and predescemetic DALK: Outcomes in 236 cases of kera-
toconus. Cornea 29, 53-59 (2010).

23. Cursiefen, C., Siebelmann, S. & Bachmann, B. Complications of deep anterior lamellar keratoplasty: Avoid, recognize and treat.
Ophthalmologe 112, 961-968 (2015).

24. Kodavoor, S. K., Rathi, N. & Dandapani, R. Complications in deep anterior lamellar keratoplasty—A retrospective interventional
analysis in a large series. Indian J. Ophthalmol. 70, 3501-3507 (2022).

25. Eandi, C. M,, Del Priore, L. V., Bertelli, E., Ober, M. D. & Yannuzzi, L. A. Central serous chorioretinopathy in patients with kera-
toconus. Retina 28, 94-96 (2008).

26. Tsiogka, A., Gkartzonikas, A., Markopoulos, K., Georgiou, I. & Spaeth, G. L. Keratoconus with central serous chorioretinopathy:
A rare combination. Case Rep. Ophthalmol. Med. 2020, 8816449 (2020).

27. Oh,]. Y. & Yu, H. G. Keratoconus associated with choroidal neovascularization: A case report. J. Med. Case Rep. 4, 1-4 (2010).

28. Aljundi, W. et al. Topical NSAIDs and oral acetazolamide for macular edema after uncomplicated phacoemulsification: Outcome
and predictors of non-response. J. Clin. Med. 11, 5537 (2022).

29. Genevois, O., Benzerroug, M., Gardea, E., Brasseur, G. & Muraine, M. Macular edema after corneal graft: A prospective study by
optical coherence tomography. Cornea 26, 683-684 (2007).

30. Seitz, B., Langenbucher, A. & Naumann, G. O. H. Perspectives of excimer laser-assisted keratoplasty. Ophthalmologe 108, 817-824
(2011).

31. Seitz, B., Langenbucher, A., Kus, M. M., Kiichle, M. & Naumann, G. O. H. Nonmechanical corneal trephination with the excimer
laser improves outcome after penetrating keratoplasty. Ophthalmology 106, 1156-1165 (1999).

32. Gordon-Shaag, A., Millodot, M. & Shneor, E. The epidemiology and etiology of keratoconus. Epidemiology 70, 7-15 (2012).

33. Berger, T., Szentmary, N., Latta, L., Seitz, B. & Stachon, T. NF-kB, iNOS, IL-6, and collagen 1 and 5 expression in healthy and
keratoconus corneal fibroblasts after 0.1% riboflavin UV-A illumination. Graefes Arch. Clin. Exp. Ophthalmol. 259, 1225-1234
(2021).

34. Stachon, T. et al. Increased NF-kB and iNOS expression in keratoconus keratocytes-hints for an inflammatory component?. Klin.
Monbl. Augenheilkd 238, 1010-1017 (2019).

35. McMonnies, C. W. Inflammation and keratoconus. Optom. Vis. Sci. 92, e35-e41 (2015).

36. Galvis, V. et al. Keratoconus: An inflammatory disorder?. Eye 29, 843-859 (2015).

37. Jun, A. S. et al. Subnormal cytokine profile in the tear fluid of keratoconus patients. PLoS One 6, 16437 (2011).

38. Pahuja, N. et al. Differential molecular expression of extracellular matrix and inflammatory genes at the corneal cone apex drives
focal weakening in keratoconus. Investig. Ophthalmol. Vis. Sci. 57, 5372-5382 (2016).

39. Sahebjada, S. et al. Eye rubbing in the aetiology of keratoconus: A systematic review and meta-analysis. Graefes Arch. Clin. Exp.
Ophthalmol. 259, 2057-2067 (2021).

40. Ionescu, I. C. et al. Overexpression of tear inflammatory cytokines as additional finding in keratoconus patients and their first
degree family members. Mediat. Inflamm. 2018, 4285268 (2018).

41. Chaerkady, R. et al. The keratoconus corneal proteome: Loss of epithelial integrity and stromal degeneration. J. Proteom. 87,
122-131 (2013).

42. Kawano, H. et al. Relative changes in luminal and stromal areas of choroid determined by binarization of EDI-OCT images in eyes
with Vogt-Koyanagi-Harada disease after treatment. Graefes Arch. Clin. Exp. Ophthalmol. 254, 421-426 (2016).

43. Maruko, I. et al. Subfoveal choroidal thickness after treatment of Vogt-Koyanagi-Harada disease. Retina 31, 510-517 (2011).

44. Ishikawa, S. et al. Changes in subfoveal choroidal thickness associated with uveitis activity in patients with Behcet’s disease. Br. J.
Ophthalmol. 98, 1508-1513 (2014).

45. Gutierrez-Bonet, R. et al. Macular choroidal thickening in keratoconus patients: Swept-source optical coherence tomography
study. Transl. Vis. Sci. Technol. 7,15 (2018).

Scientific Reports|  (2024) 14:15319 | https://doi.org/10.1038/541598-024-66225-4 nature portfolio



www.nature.com/scientificreports/

46. Seitz, B., Hager, T., Langenbucher, A. & Naumann, G. O. H. Reconsidering sequential double running suture removal after penetrat-
ing keratoplasty: A prospective randomized study comparing excimer laser and motor trephination. Cornea 37, 301-306 (2018).

47. Toth, G. et al. Comparison of excimer laser versus femtosecond laser assisted trephination in penetrating keratoplasty: A retrospec-
tive study. Adv. Ther. 36, 3471-3482 (2019).

48. Lang, G. K., Schroeder, E., Koch, J. W, Yanoff, M. & Naumann, G. O. H. Excimer laser keratoplasty part 1: Basic concepts. Oph-
thalmic Surg. 20, 262-267 (1989).

49. Ardjomand, N. et al. Quality of vision and graft thickness in deep anterior lamellar and penetrating corneal allografts. Am. J.
Ophthalmol. 143, 228-235 (2007).

50. Liu, H. et al. Efficacy and safety of deep anterior lamellar keratoplasty vs penetrating keratoplasty for keratoconus: A meta-analysis.
PLoS One 10, e0113332 (2015).

Author contributions

Wissam Aljundi: Conceptualization (lead); writing—original draft (lead). Loay Daas: review and editing (equal),
Cristian Munteanu: formal analysis (lead); review and editing (equal). Berthold Seitz: review and editing (equal).
Alaa Din Abdin: Methodology (lead); writing—review and editing (equal).

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to W.A.

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://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 1415319 | https://doi.org/10.1038/s41598-024-66225-4 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Subfoveal choroidal thickness increases after excimer laser-assisted penetrating keratoplasty but not after excimer laser-assisted deep anterior lamellar keratoplasty
	Materials and methods
	The inclusion criteria
	The exclusion criteria
	Statistical analysis
	Ethics statement

	Results
	Discussion
	Conclusions
	References


