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Purpose: To compare postoperative astigmatism and visual acuity (VA) outcomes in patients undergoing penetrating keratoplasty 
(PK) using a liquid-interface femtosecond laser (LI-fs) trephination and a conventional vacuum-trephine (VT) technique.
Methods: Our single-center, retrospective data analysis included 121 eyes (121 patients) treated between April 2014 and 
November 2022. Patients received PK either with a LI-fs or a VT system. Pre- and postoperative topography (K-values), refraction 
(cylinder) and visual acuity (VA) were measured up to 18 months after surgery. Data were analyzed by descriptive statistics, 
ANCOVA, and paired t-tests within each group.
Results: Preoperative and postoperative astigmatism were similar between the two techniques (LI-fs: 5.4 ± 3.4 D pre-OP vs 6.7 ± 4.2 
D post-OP; VT group: 5.8 ± 4.8 D vs 6.7 ± 3.8D). An ANCOVA adjusting for baseline astigmatism (=∆K in topography imaging) revealed 
no statistically significant difference between groups (estimate [95% CI]: −0.79 [−2.73; 1.15], p = 0.42). Within-group changes in 
astigmatism were also not significant. For VA, a paired t-test showed a significant increase of post-OP VA in the VT group (mean change 
0.25 [0.15; 0.34], p < 0.0001), while the smaller LI-fs group showed no significant change (mean 0.16 [−0.11; 0.44], p = 0.22).
Conclusion: Despite the characteristics of LI-fs in maintaining corneal curvature, LI-fs and conventional VT generated comparable 
outcomes in terms of post-OP astigmatism. The results underscore the need for further research with larger cohorts to clarify any 
potential advantages of the LI-fs in reducing surgically-induced astigmatism.
Keywords: penetrating keratoplasty, liquid-interface, astigmatism, femtosecond-laser, vacuum-trephine

Introduction
Penetrating keratoplasty (PK) remains the treatment of choice for severe corneal conditions such as advanced keratoco
nus, deep corneal scars, or other corneal opacifications.1 Despite its established use, the functional and refractive 
outcomes of PK frequently fail to meet the postoperative visual acuity (VA) expectations. Achieving a clear graft 
alone is no longer considered sufficient and minimizing postoperative astigmatism is critical to optimizing visual 
outcome. While in healthy eyes an astigmatism over roughly 0.75 D is typically noticeable, after PK up to about 3.5 D 
can still be corrected with spectacles. Higher values often require rigid contact lenses, excimer laser treatment or other 
surgical techniques such as arcuate keratotomy or toric intraocular lens implantation. Studies show that up to 20% of 
patients can have more than 5 diopters of post-OP astigmatism.2 As a result, ongoing efforts have been directed at 
innovations in surgical techniques.

The introduction of modern mechanical trephination systems has shown clear potential in reducing postoperative 
astigmatism. However, these systems are still based on applanation during the trephination process, which disrupts the 
natural curvature of the cornea. In this context, three intra-operative factors are particularly critical in determining 
postoperative astigmatism:3
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1. Decentration: an off-center trephination can lead to poor graft placement.
2. Horizontal torsion: when the second cardinal suture is not precisely placed 180° across from the first one, creating 

a twist in positioning.
3. Vertical tilt: mismatched edges are adjusted using suture tension to ensure a wound closure.

Femtosecond laser technology has introduced new possibilities for corneal transplantation by enabling precise and 
consistent graft cutting. The ability to create customized cutting patterns with laser improves graft-to-bed alignment, 
enhances wound stability, reduces the risk of leakage, and lower the need for irregularly tight sutures. These factors were 
expected to result in lower postoperative astigmatism and improved visual outcomes. While some studies have demon
strated this superiority over manual PK techniques,4 other findings still do not show better refractive outcomes possibly 
due to corneal deformation linked to vacuum and applanation during the cutting process.5

To address these limitations, a novel liquid-interface (LI) femtosecond (fs) laser technique (LI-fs) has been developed. 
This approach minimizes the need for mechanical deformation by preserving the natural curvature of the cornea during 
the trephination process. As reported by Donner and Schmidinger (2022) pressure measurements were significantly lower 
with the liquid interface compared to the applanation interface.6 Moreover, they reported that the total time needed for 
trephination was similar, but the time to achieve working vacuum was significantly faster with LI technique. By 
combining the precision of femtosecond laser technology with LI, this LI-fs technique offers the potential to achieve 
more favorable refractive outcomes, especially in challenging cases such as keratoconus.7

To answer the question if the LI-fs method positively influence postoperative astigmatism in patients after suture 
removal during the usually more than one-year follow-up, we conducted a study aimed at comparing the outcomes of the 
LI-fs technique with the conventional vacuum trephine (VT) method in penetrating keratoplasty, performed at a single- 
center tertiary referral clinic.

Methods
The study adhered to the ethical standards of the Declaration of Helsinki, including current revisions, and Good Clinical 
Practice guidelines. It was approved by the Ethics Committee of the Medical University of Vienna (EK 1735/2023).

This retrospective explorative study was conducted to assess the astigmatism outcome of two different trephination methods. 
The analysis includes data of VT and LI-fs surgeries by three experienced corneal surgeons (CS, GS, JL) conducted at the 
Department for Ophthalmology and Optometry, Medical University of Vienna, between April 2014 and November 2022.

All trephinations were performed with diameters between 7.0 mm and 8.5 mm. For VT, a Hessburg-Barron Vacuum 
Corneal Trephine (Katena Products Inc, USA) was used for cutting the recipient with donor grafts oversized by 0.5 mm 
relative to the recipient trephination diameter (using an Ophtec Corneal Trephine, Ophtec BV, Netherlands); for LI-fs, we used 
the Femto LDV Z8 (Ziemer AG, Switzerland) laser platform and grafts were oversized by 0.3 mm. All grafts were secured 
with 10–0 nylon sutures - either interrupted or running - and sutures were removed at approximately 12 months post
operatively under slit-lamp examination. A detailed description of the LI-fs surgical technique was published elsewhere.6

The inclusion criteria were based on the availability of follow-up data from the time of diagnosis/admission to at least 
18 months postoperatively. If both eyes were included in the data set, or two measurements of the same eye were 
available, only the first surgery was included for further analyses. The study population consisted of a diverse group of 
adult patients, with no restrictions concerning gender, or other demographic characteristics, providing a representative 
sample of the PK clinical environment.

Primary endpoint of the study was ∆K (astigmatism) post surgery, calculated as the difference between the refractive 
parameters K2 - K1 measured with Casia2® (Tomey, Japan), Keratograph® (Oculus, Germany), Pentacam® (Oculus, 
Germany) or MS-39® (Schwind, Germany). Secondary endpoints were the refractive parameters K1 and K2 post surgery 
and visual acuity (VA) 18 months after the surgery (all sutures removed).

Statistical Analysis
Categorical variables are reported as absolute frequencies and percentages. Metric variables are summarized as mean ± 
standard deviation if approximately normally distributed and as median (first quartile; third quartile) otherwise.
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To compare postoperative astigmatism between LI-fs and VT, an ANCOVA was calculated with preoperative 
astigmatism and surgical technique and patient age as independent variables. Since some patients underwent very 
early corneal topography measurements (< 28 days after 2nd suture removal), sensitivity analyses were performed by 
restricting the analysis to the subset of patients with measurements taken ≥ 28 days following suture removal. The change 
in astigmatism post - pre surgery was analyzed within each group (LI-fs, VT) by paired t-tests. Analyses of K1, K2 and 
VA were conducted analogously. Group comparisons of follow-up times were done by Welch-tests if approximately 
normally distributed or by Wilcoxon rank sum test, respectively.

Statistical analyses were carried out with R 4.4.0.8 The significance level has been set to alpha = 0.05. Due to the 
exploratory character of the study, no adjustment for multiple testing was conducted.

Results
The dataset initially included 125 eyes from 121 patients. After removing entries for second-eye or repeat measurements, 
121 eyes from 121 patients remained for further analysis. Patients presented with a range of corneal conditions 
combinations such as failure of the previous transplant, re-PK, corneal decompensation, bullous keratopathy, corneal 
scarring, keratoconus and others. Detailed frequencies of these diagnoses across both surgical groups are available in 
Supplementary Tables 1 and 2. All grafts at final follow-up demonstrated good stromal clarity and stable pachymetry; 
pachymetry and endothelial cell counts were not within the scope of the statistical analysis.

In both groups most patients who underwent the surgery were male - 72% (21 M, 8 W) in the LI-fs group and 71% 
(65 M, 27 W) in the VT group. Donor age ranged from 18 to 78 years in the LI-fs group (mean 58.2 ± 13.1), with age 
data missing for 3 donors, and from 22 to 87 years in the VT group (mean 57.2 ± 13.0). Recipient age ranged from 30 to 
85 years in the LI-fs group (mean 59.0 ± 10.9), and from 17 to 89 years in the VT group (mean 51.9 ± 16.5). Casia2® was 
the most frequently used imaging device in both groups (76% LI-fs vs 54% VT pre-OP, and 59% LI-fs vs 64% VT post- 
OP), while Pentacam®, Keratograph® and MS-39® were used less often.

The average time from the operation to the first suture removal was 363 ± 48 days for the LI-fs group and 391 ± 55 
days for the VT group (p = 0.019, n = 115). The time between the first and second suture removal was 61 ± 46 days for 
the LI-fs group and 53 ± 30 days for the VT group (p = 0.45, n = 113). Finally, from the second suture removal to the 
closing postoperative corneal tomography, the mean time was 104 (63; 142) days for the LI-fs group and 88 (61; 126) 
days for the VT group (p = 0.36, n = 112).

The preoperative mean spherical power was −3.53 ± 2.49 D in the LI-fs group, based on data from 9 patients, compared to 
−3.24 ± 6.31 D in the VT group, based on data from 22 patients. Postoperative spherical power also showed high variability, 
with −5.64 ± 3.61 D in the LI-fs group (data from 16 patients) and −4.43 ± 5.73 D in the VT group (data from 53 patients). 
Cylindrical power preoperative measurements were 4.67 ± 3.09 D in the LI-fs group and 2.41 ± 2.64 D in the VT group, and 
postoperatively 4.98 ± 2.87 D and 4.31 ± 2.67 D, respectively (Table 1).

Preoperative K1 values were 51.0 ± 10.7 D in the LI-fs group (24 patients) and 49.0 ± 10.5 D in the VT group (77 patients); 
postoperative K1 values were 42.0 ± 3.1 D (24 patients) and 41.5 ± 4.1 D (91 patients), respectively (mean change pre-OP vs 
post-OP K1 [95% CI]: LI-fs: −9.5 [−14.4;-4.6], p =0.0006, n = 21, VT: −6.9 [−9.1;-4.6], p < 0.0001, n = 76). K2 values were 56.3 
± 11.4 D preoperatively and 48.7 ± 3.5 D postoperatively in the LI-fs group, and 54.8 ± 11.2 D preoperatively and 48.2 ± 4.5 
postoperatively in the VT group (mean change pre-OP vs post-OP K2 [95% CI]: LI-fs: −7.7 [−12.9;-2.6], p = 0.0051, n = 21, VT: 
−6.3 [−9.0;-3.6], p < 0.0001, n = 76). Postoperative values did not significantly differ between groups (ANCOVA: K1: mean 
group difference [95% CI]: 0.54 [−1.29; 2.37], p = 0.56, K2: mean group difference [95% CI]: −0.48 [−2.61; 1.65], p = 0.66) 
(Table 2).

Astigmatism (=∆K in topography imaging) was evaluated pre- and post-surgery. (Table 1) The LI-fs group had 
a mean preoperative astigmatism of 5.4 ± 3.4 D, which increased to 6.7 ± 4.2 D postoperatively (mean change [95% CI]: 
1.8 [−0.7;4.3], p = 0.15, n = 21). The VT group started with a preoperative astigmatism of 5.8 ± 4.8 D (n = 77) which 
postoperatively increased to 6.7 ± 3.8 D (n = 91) (mean change [95% CI]: 0.6 [−0.8;2.0], p = 0.43, n = 76), showing no 
clear trend of astigmatism improvement or worsening for either technique. (Table 2) multivariable ANCOVA adjusting 
for baseline astigmatism and patient age showed that postoperative astigmatism was on average 0.79 D lower in VT 
versus LI-fs, but this difference was not statistically significant (estimate [95% CI]: −0.79 [−2.73; 1.15]D, p = 0.42). No 
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significant association between pre- and postoperative astigmatism was observed (estimate [95% CI]: −0.004 [−0.18; 
0.17]). The effect of patient age on postoperative astigmatism was not significant either (estimate [95% CI]: 0.04 [−0.01; 
0.09], p = 0.13). In the LI-fs group mean preoperative VA (Snellen at 6 m) was 0.23 ± 0.25 (data for 19 patients), which 
increased to 0.43 ± 0.27 postoperatively (data for 17 patients). The VT group improved from 0.11 ± 0.15 preoperatively 
(data for 50 patients) to 0.42 ± 0.24 postoperatively (data for 61 patients). An ANCOVA adjusting for baseline VA and 
patient age found no significant difference between methods (estimate [95% CI]: −0.15 [−0.34; 0.04], p = 0.11). 

Table 1 Descriptive Statistics of Eye Parameters

Variable Timepoint LI_fs VT n

Spherical power Pre surgery −3.53 ± 2.49 −3.24 ± 6.31 9/22
Post surgery −5.64 ± 3.61 −4.43 ± 5.73 16/53

∆ post - pre −1.5 ± 2.26 1.22 ± 6.69 4/15

Cylindrical power Pre surgery 4.67 ± 3.09 2.41 ± 2.64 9/22

Post surgery 4.98 ± 2.87 4.31 ± 2.67 16/53
∆ post - pre 0.94 ± 4.92 0.23 ± 3.58 4/15

K1 Pre surgery 51 ± 10.7 49 ± 10.5 24/77
Post surgery 42 ± 3.1 41.5 ± 4.1 24/91

∆ post - pre −9.5 ± 10.8 −6.9 ± 9.9 21/76

K2 Pre surgery 56.3 ± 11.4 54.8 ± 11.2 24/77

Post surgery 48.7 ± 3.5 48.2 ± 4.5 24/91

∆ post - pre −7.7 ± 11.3 −6.3 ± 11.8 21/76

Astigmatism Pre surgery 5.4 ± 3.4 5.8 ± 4.8 24/77

Post surgery 6.7 ± 4.2 6.7 ± 3.8 24/91
∆ post - pre 1.8 ± 5.5 0.6 ± 6.2 21/76

VA Pre surgery 0.23 ± 0.25 0.11 ± 0.15 19/50
Post surgery 0.43 ± 0.27 0.42 ± 0.24 17/61

∆ post - pre 0.16 ± 0.41 0.25 ± 0.27 11/34

Notes: Metric variables are summarized as mean ± standard deviation. (n) refers to the 
number of observations in the LI-fs/ VT-group. (Δ=Delta) represents the change or 
difference between two measurements/values. 
Abbreviations: LI-fs, liquid-interface femtosecond laser, VT, vacuum-trephine; VA, visual 
acuity.

Table 2 Results of Paired t-Tests

Variable Group (A) Entire Sample (B) Sensitivity Analysis

Estimate [95% CI] p-value n Estimate [95% CI] p-value n

∆ Astigmatism LI-fs 1.8 [−0.7; 4.3] 0.15 21 1.8 [−0.9; 4.6] 0.18 19

VT 0.6 [−0.8; 2] 0.43 76 0.4 [−1; 1.9] 0.54 68

∆ VA LI-fs 0.16 [−0.11; 0.44] 0.22 11 0.12 [−0.17; 0.41] 0.37 10

VT 0.25 [0.15; 0.34] < 0.0001 34 0.27 [0.17; 0.36] < 0.0001 30

∆ K1 LI-fs −9.5 [−14.4; −4.6] 0.00061 21 −10.6 [−15.7; −5.4] 0.00041 19

VT −6.9 [−9.1; −4.6] < 0.0001 76 −6.6 [−9.1; −4.2] < 0.0001 68

∆ K2 LI-fs −7.7 [−12.9; −2.6] 0.0051 21 −8.7 [−14.2; −3.3] 0.0034 19

VT −6.3 [−9; −3.6] < 0.0001 76 −6.2 [−9.1; −3.2] < 0.0001 68

Note: (Δ=Delta) represents the change or difference between two measurements/values. 
Abbreviations: LI-fs, liquid-interface femtosecond laser; VT, vacuum-trephine; CI, confidence interval; n, sample size; VA, visual 
acuity.
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However, paired t-tests within each method revealed that VA significantly increased in the VT group (data for 34 
patients, mean 0.25, 95% CI 0.15 to 0.34, p <0.0001), while the small LI-fs group did not show a statistically significant 
change (data for 11 patients, mean 0.16, 95% CI −0.11 to 0.44, p = 0.22).

In sensitivity analyses restricted to patients whose corneal topography was obtained ≥ 28 days after 2nd suture 
removal, a multivariable ANCOVA adjusting for baseline keratometry (or astigmatism/visual acuity, as appropriate) and 
patient age again revealed no significant differences between VT and LI-fs. Postoperative K1 did not differ (mean 
difference VT vs LI-fs 0.57 D [–1.30;2.43], p = 0.55), nor did K2 (–0.64 D [–2.87;1.58], p = 0.57). Similarly, 
postoperative astigmatism showed no method effect (–0.93 D [–3.01;1.14], p = 0.37) and visual acuity remained 
comparable (–0.10 [–0.31;0.11], p = 0.34), confirming our primary findings.

Discussion
Despite expectations based on previous findings by Donner and Schmidinger (2022), where intraocular pressure 
measurements indicated that the LI-fs technique could provide better refractive outcomes due to lower intraoperative 
corneal deformation, our results do not support this theory.6 In our study population, there was no significant difference 
in postoperative astigmatism between the LI-fs and VT groups. Our data showed mean postoperative astigmatism of 
6.7 ± 4.2 D in the LI-fs group versus 6.7 ± 3.8 D in the VT group at 18 months. This result was unexpected, as the 
precision offered by femtosecond laser technology, coupled with reduced deformation from the liquid interface, was 
expected to result in lower astigmatism. Although vectorial analysis is the gold standard in refractive surgery, 
penetrating keratoplasty is fundamentally a therapeutic intervention; that is why we confined our evaluation to standard 
keratometric astigmatism metrics (K1, K2, ΔK). While our hypothesis predicted a benefit of LI-fs for astigmatism, the 
lack of a significant difference provides important insights for the medical community, helping in the formulation of 
reasonable expectations for different keratoplasty techniques. Similarly, as studies like Peng et al (2021) and Liu et al 
(2021) have reported, femtosecond laser-assisted corneal keratoplasties may not perform better in terms of post
operative astigmatism. Peng et al observed a mean 18-month astigmatism of 3.2 ± 1.1 D following fs-PK versus 
3.5 ± 1.3 D after manual PK, and Liu et al reported 3.1 ± 1.0 D for fs-PK compared with 3.4 ± 1.2 D for conventional 
trephination – values mirroring our own findings of 6.7 ± 4.2 D (LI-fs) versus 6.7 ± 3.8 D (VT).5,9 The lack of 
significant improvement in the LI-fs group could potentially be a result of the small sample size. Even though the 
variability in results could also be influenced by other factors not controlled in this study, such as the combinations and 
severity of preoperative conditions, data from the Queen Victoria Hospital, East Grinstead (England) suggest that mean 
postoperative astigmatism after PK varies only slightly by indication: 3.3 D in keratoconus, 2.9 D in viral keratitis, 
2.6 D in Fuchs’ dystrophy, 2.3 D in pseudophakic bullous keratopathy, and 4.2 D in regrafts - without a significant 
impact of underlying diagnosis (p > 0.05).10 While our study did not show superiority of LI-fs over VT in terms of 
post-OP astigmatism, LI-fs may still offer practical benefits in select cases - for example, in glaucoma patients where 
liquid-interface trephination leads to lower intraoperative IOP spikes6 and in eyes with irregular corneal surfaces (eg, 
scars or conjunctival pannus), since the LI-fs docking ring engages more peripherally and maintains a more stable 
vacuum than the Hessburg-Barron trephine.

Conclusions
In conclusion, our study did not confirm the expected advantages of the LI-fs technique in terms of reducing post
operative astigmatism compared to conventional VT. However, larger and prospective, controlled studies expanding the 
range of analyzed outcomes are necessary for better understanding of various factors that influence the refractive 
outcome of PK.
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