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Objective

To evaluate if an intraoperative-OCT (iOCT) optimized surgical protocol without prolonged overpressure is non-inferior to a standard protocol during Descemet membrane endothelial keratoplasty (DMEK).



Methods

Sixty-five pseudophakic eyes of 65 patients with Fuchs endothelial dystrophy scheduled for routine DMEK were recruited in this prospective non-inferiority international multicenter randomized control trial. Subjects were randomized to the control arm (n=33) without iOCT-use and raising the intraocular pressure above normal physiological limits for 8 minutes (i.e., overpressure) or the intervention arm (n=32) with OCT-guidance to assess graft orientation and adherence, while refraining from prolonged overpressure. The primary outcome was the incidence of postoperative surgery-related adverse events (AE). The non-inferiority margin was set at a risk difference of 10%. Secondary outcomes included iOCT-aided surgical decision making, surgical times, and endothelial cell density (ECD) corrected distance visual acuity (CDVA) at 6 months follow-up.



Results

In the intervention group, 12 subjects developed 13 AEs compared to 13 AEs in 10 subjects in the control group (P=0.644). The risk difference measured -0.32% (95%CI: -10.29 – 9.84). The ECD and CDVA did not differ between the two groups 3 and 6 months postoperatively (P=>0.05). Surgeons reported that iOCT aided surgical decision-making in 40% of cases. Surgery and graft unfolding time were, respectively, 13% and 27% shorter in the iOCT-group.



Conclusions

iOCT-guided DMEK surgery with refraining from prolonged over-pressuring was non-inferior compared to conventional treatment. Surgery times were reduced considerably and iOCT aided surgical decision-making in 40% of cases. Refraining from prolonged overpressure did not affect postoperative ECD or CDVA.



Clinical trial registration

https://clinicaltrials.gov/ct2/show/NCT03763721 (NCT03763721).
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Introduction

Numerous studies described the value of Intraoperative-OCT (iOCT) in ophthalmic surgery (1, 2); iOCT aids in clinical-decision making, enables surgeons to in-vivo study their surgical practice patterns, and achieves a greater understanding of pathophysiology and surgical tissue alterations. Nevertheless, most current studies are observational or lacked a control group.

One promising surgery to reap the benefits of iOCT is Descemet membrane endothelial keratoplasty (DMEK) (3–6). DMEK is considered the standard in endothelial keratoplasty (7–9). Despite its advantages, the rate of postoperative adverse events (AEs) for DMEK is relatively high with a reported prevalence of ~20% for rebubbling and ~5% for primary graft failure (9–12). These AEs necessitate secondary surgical interventions and are associated with a lower graft viability and survival (10).

During DMEK surgery the iOCT provides valuable feedback in evaluating graft-host apposition, faster graft positioning with fewer manipulations, and verifying graft orientation in DMEK (3–5). These insights led to the conceptualization of an iOCT-optimized DMEK surgical protocol by our group, consisting of iOCT-guidance during unfolding and refraining from prolonged over-pressuring of the globe. In a pilot study, the incidence of postoperative AEs was lower and operation time was shorter using this protocol (6). Notwithstanding, in this pilot protocol changes were gradually introduced and a control without iOCT guidance was missing. The promising results warranted follow-up in a head-to-head comparison with a conventional surgical protocol. In the current study we prospectively investigate whether iOCT-guidance can obviate the need for prolonged overpressure in DMEK surgery and can be considered non-inferior to a standard protocol in terms of postoperative AEs. Here, we present the results of our prospective Advanced Visualization In Corneal Surgery Evaluation (ADVISE), an international non-inferiority randomized clinical trial designed to answer these questions.



Materials and methods

Subjects underwent routine DMEK surgery between December 2018 and April 2021 in the University Medical Center Utrecht (n = 39), University Hospital Leuven (n = 14), or Maastricht University Medical Center (n= 14). All procedures were performed in accordance with the Declaration of Helsinki, local and national laws regarding research, European directives with respect to privacy, and 2010 CONSORT standards for reporting RCT’s (13) Supplementary File 3: Consort Checklist. The study was approved by the Ethics Review Boards in The Netherlands and Belgium (Medical Ethics Committee Utrecht file no. 18-487, Ethical committee Leuven file no. S61527), registered at clinicaltrials.gov (number: NCT03763721) and CCMO.nl (number: NL64392.041.17), and all subjects provided written informed consent.

Inclusion criteria were pseudophakic adult patients with irreversible corneal endothelial dysfunction resulting from Fuchs endothelial corneal dystrophy, eligible for DMEK surgery. Exclusion criteria were human-leukocyte antigen matched keratoplasty, any ocular comorbidity other than ocular surface disease, open angle glaucoma, and mild age-related macular degeneration. No combined phaco-emulsification procedures were performed and only one eye per subject was enrolled. Subjects were randomized to either the iOCT-group or control group using minimization randomization stratified for center using an embedded function of the Electronic Data Capture platform (Research Online, Julius Center, Utrecht, The Netherlands). Patients were blinded throughout the study period. The surgeons and researchers could not be blinded, as the surgeons performed the surgery and researchers were present during surgery to facilitate imaging.


Study measurements

Each patient underwent a comprehensive ophthalmic examination preoperatively, 3 months, and 6 months after surgery. The ophthalmic examinations included a slit-lamp and fundus examination, intraocular pressure (IOP) measurement, Scheimpflug tomography (Pentacam HR 70900, Oculus GmbH, Wetzlar, Germany), anterior segment OCT (Utrecht and Leuven: Zeiss Cirrus 5000, Zeiss Meditec, Oberkochen, Germany; Maastricht: Casia SS-1000, Tomey, Nagoya, Japan), and posterior segment OCT (Utrecht and Leuven: Zeiss Cirrus 5000, Zeiss Meditec, Oberkochen, Germany; Maastricht: Spectralis, Heidelberg Engineering GmbH, Heidelberg, Germany), and an endothelial cell count using light microscopy (EM4000, Tomey, Nagoya, Japan). Corrected distance visual acuity (CDVA) was measured using an Early Treatment Diabetic Retinopathy Study (ETDRS) letter chart at 4 meters (14). Graft detachments were defined as any non-adherence of the graft noticeable on slit lamp examination and cornea OCT imaging within 6 months after surgery.



Surgical procedure

Donor grafts were allocated by the Dutch Transplant Foundation (Leiden, the Netherlands). The grafts were organ cultured and provided pre-stripped by ETB-Bislife (Beverwijk, the Netherlands), with a minimum endothelial cell density (ECD) of 2300 cells/mm2 and with a diameter of 8.5 mm. All surgical procedures were performed by experienced corneal surgeons (H.D., R.M.M.A.N, M.M.D., R.P.L.W.), following a largely standardized procedure. Prior to surgery, 27 subjects underwent a Nd : YAG laser iridotomy at 6 o’clock according to the preference of the surgeon. In the other 38 subjects, a surgical iridectomy was performed using a 27-gauge needle and Price hook at 6 o’clock following the Descemetorhexis. In all cases a 2.8 mm corneal incision was made, followed by a 9 mm Descemetorhexis under air in 51 subjects and a viscoelastic device in 14 subjects (Healon; Abbott Medical, Uppsala, Sweden). The graft was stained using trypan blue dye (Membrane blue n = 52, Vision Blue, n=13, both from DORC, Zuidland, the Netherlands) and inserted into the anterior chamber using a glass injector. A “no touch technique” was used to unfold and position the graft (15). In 33 surgeries the randomization dictated that iOCT was not available to the surgeons. Here, a full AC fill was performed, raising the IOP above normal physiological limits for 8 minutes using air (overpressure). In the other 32 surgeries the graft was positioned as described above, the iOCT (Lumera 700 OPMI Rescan, Zeiss Meditec, Oberkochen, Germany) was available for utilization at the surgeon’s discretion during unfolding and used to check for complete adherence of the graft without overpressurizing the eye. In both groups at the end of surgery, a the air was replaced by 20% Sulphur Hexafluoride gas and the size of the gas bubble was reduced to cover the graft (i.e., same size as the graft). Next, a validation scan of proper apposition by iOCT was performed in both the control and intervention arm, as proposed by the ethical review board. Any irregularities were treated at the discretion of the surgeon. After surgery, patients remained strictly supine for two hours in the hospital and were instructed to remain supine for the following 24 hours. Directly after the surgery the surgeons were asked on whether the iOCT-aided surgical decision making and if applicable how the iOCT-aided surgical decision making.

All surgical videos were qualitatively analyzed by two graders to record graft unfolding grade and surgical times. Graft unfolding difficulty was classified in 4 grades depending on the required manipulation and time to unfold/position the graft as earlier described by Maier et al. (16)



Outcome measures

The primary outcome was the incidence of postoperative AEs, defined as graft detachments requiring surgical intervention (i.e., rebubbling), primary graft failures, or iatrogenic acute glaucoma. Rebubbling was performed at the discretion of the surgeon, though principally when the graft was >30% detached or the detachment involved the visual axis. Secondary outcomes consisted of surgeon reported iOCT-aided surgical decision-making, surgical time, postoperative ECD loss, and CDVA at follow-up.



Sample size

Power calculation was based on the incidence of postoperative AEs. Assuming an α of 0.05 (1-sided) and a power of 80%, and a non-inferiority limit of 10%, a sample size of at least 60 subjects would be required (30 per treatment arm). Considering a loss to follow up of 5%, the final computed sample size was 63 subjects. The power calculation did not provide for COVID-19 related loss to follow-up (n = 4).



Statistical analysis

The primary outcome consisted of the total counted AEs developed by each patient and converted to a proportion for analysis. A crude and adjusted marginal risk difference (RD) between the two treatment arms was estimated from a logistic regression model using 1,000 bootstrap samples and adjusted for treatment site (17). P-values cannot be calculated from the described method and only can be estimated using the 95% CI. The analysis was stratified to calculate the unadjusted RD for graft detachment, rebubbling, primary graft failure, and iatrogenic acute glaucoma. For a stratified adjusted analysis, it appeared not possible to calculate reliable estimates, because the study was not powered to compare the separate adverse events. In addition, a regression analysis was performed to estimate the effect of overpressure duration in minutes on the incidence of graft detachment and area of detachment. All secondary outcomes were analyzed for differences between treatment arms using the student t-test or Fisher-exact test as appropriate. Correction for multiple comparisons was performed using the Bonferroni correction. A 2-sided P value < 0.05 was considered statistically significant.

An intention-to-treat analysis was performed for all outcomes measures. All statistical analysis were performed using R statistical software version 4.0.3 (CRAN, Vienna, Austria) and supervised by an independent statistician from the Julius Center for Health Sciences. In February 2020 an interim analysis and data and safety monitoring board evaluation was performed, recommending to proceed with the study without changes. Missing observation of the secondary outcomes were imputed using multiple imputation. Missing measurements of subjects that developed a graft failure were considered missing not at random and not imputed.




Results

A total of 65 eyes of 65 patients received either the conventional protocol (control group, n = 33) or the iOCT-optimized protocol (intervention group, n = 32). In the control group 2 cross-over cases were recorded, in which the iOCT was used to salvage the graft in a complicated procedure. In both cases 8 minutes of overpressure was applied at the end of surgery. All remaining patients in both treatment arms received the allocated treatment. Four serious adverse events (SAE) were recorded over the course of the study; 3 subjects underwent re-transplantation for primary graft failure and one subject died of multi-organ failure unrelated to the study before randomization and was excluded without replacement. In total, 7 subjects were lost to follow-up; 3 subjects dropped out after re-transplantation and 4 subjects were lost to follow-up because of reduction in care delivery caused by the COVID-19 pandemic. For all subjects the primary outcome was obtained and included for analysis (Figure 1). Baseline patient and donor characteristics are displayed in Table 1.




Figure 1 | Consolidated standards of reporting trials flowchart.




Table 1 | Baseline patient and donor characteristics.




Incidence of postoperative adverse events and clinical outcomes

A total of 26 postoperative AEs were recorded in 22 subjects (control group: 13 AEs in 10 subjects, intervention group: 13 AEs in 12 subjects). No statistically significant differences in the incidence of AEs were found between the intervention group and the control group (Table 2).


Table 2 | Primary and secondary outcomes after conventional treatment and iOCT-optimized treatment.



The mean unadjusted risk difference (RD) was 0.38% (95%CI: -9.64 – 10.64) and the RD adjusted for study site was -0.32% (95%CI: -10.29 – 9.84), meaning that both protocols are comparable with regards to overall surgical safety measured as total postoperative AE rate (Figure 2; Supplementary Table 1). After controlling for a priori planned adjustment for study site, the iOCT-optimized protocol was found non-inferior to the conventional protocol. Figure 2, also report on the individual AEs, where the analysis shows a high uncertainty regarding their effect sizes as the trial was not designed to assess these individual adverse events. In addition, the independent effect of overpressure duration measured in minutes was not significantly associated with the incidence of detachment (95%CI: -0.10–0.15, P = 0.730) or area of detachment (95%CI: -0.027 – 0.002, P = 0.121)




Figure 2 | The mean risk difference (RD) and 95% confidence interval (CI) of the outcome measures, and the non-inferiority limit (dashed line). The top panel shows the unadjusted and adjusted estimates for the primary outcome measure. The bottom panel shows the unadjusted estimates for all separate postoperative events. For these outcomes, a non-inferiority margin is not shown.



No significant differences were found between the control group and the iOCT group regarding secondary clinical outcomes at 3 and 6 months postoperative (Table 2).



Surgical decision-making and surgical duration

In 35 surgeries the iOCT was utilized. The use of iOCT salvaged the graft in one cross-over case. The other cross-over graft was correctly positioned though eventually developed an early graft failure, presumably due to excess manipulation. None of the iOCT-group cases exhibited interface irregularities or graft detachment at the end of surgery. The obligatory verification scan in the control group revealed peripheral detachment of the graft in one case, resulting in repositioning of the graft and subsequent overpressure for another 4 minutes. Notwithstanding, this case developed a detachment for which a rebubbling was performed.

Surgeons reported that the iOCT benefited decision-making in 14 of 35 cases (40%); in all cases iOCT aided determining graft orientation (incl. 8 grafts inserted upside-down) and in 3 cases iOCT aided unfolding and positioning of the graft. The median time the iOCT was used measured 2 minutes and 52 seconds (IQR: 03:43, range: 00:19 – 23:40). Graft unfolding difficulty was significantly associated with iOCT-aided surgical decision-making (P = 0.011, Supplementary Table 2), graft unfolding difficulty did not differ between both treatment arm (P = 0.474, Supplementary Table 2).

The mean surgical skin-to-skin time and graft unfolding time were, respectively, 13% and 27% shorter compared to the control group (Table 3).


Table 3 | Overview of surgical times Manually scored and video-graded by two independent observers.






Discussion

In this study we found that an iOCT-optimized DMEK surgical protocol refraining from over pressurizing was non-inferior compared to a conventional protocol, with no iOCT-guidance and standard 8 minutes of overpressure. Our results do not support the perceived benefit of overpressure to promote graft adherence. Though the independent effect of iOCT use on surgical safety could not be reliably estimated, the benefits of our iOCT-optimized protocol are a shorter surgical skin-to-skin time (-13%) and assisted surgical decision making (40% of cases). Furthermore, the access to iOCT and its improved visualization proved crucial during surgery in 9% of cases in the control group (2 crossovers and 1 validation scan with observed intra-operative graft detachment).

The causes of graft detachments are considered multifactorial and a large body of research reported on risk factors, such as donor and recipient characteristics, and intraoperative factors such as overpressure of the globe (10, 18–20). Over-pressuring during surgery is considered by some as a protective factor against graft detachments (21, 22), whereas two cohort studies did not support this (23, 24). Our study is the first head-to-head comparison of over-pressuring in DMEK surgery, and our data do not support the notion that over-pressure prevents graft detachments nor rebubbling procedures.

Overall, the prevalence of AEs did not differ materially between both treatment arms, though the nature of the separate AEs differed, such as less iatrogenic acute glaucoma in the eyes without overpressure. Interestingly, graft detachments occurred at an equal rate (n=17 vs. n=16) and the areas of detachment were of comparable size (detached area: 44% versus 39%), though rebubbling procedures were performed more often in the iOCT group. The cause of this difference remain unclear as our study was not designed to assess nor explore predictors for clinical decision making regarding rebubbling procedures.

The use of iOCT benefitted the surgical decision-making process in 40% of cases. This finding is consistent with results from comparable studies, including our pilot study and the landmark PIONEER and DISCOVER studies (3–6, 25, 26). Similar to these studies, our surgeons reported that the iOCT imaging was particularly advantageous for assessing graft orientation and in lesser degree during the unfolding of the graft. Interestingly, we found a significant association between reported iOCT-aided surgical decision-making and the graded unfolding difficulty. This makes sense, as the circumstances and causes which make graft orientation difficult to assess (e.g., poor visualization, graft geometry and tissue properties) may also increase the difficulty of unfolding the graft (16)

The surgical skin-to-skin time was 13% shorter in the iOCT group, which was expected due to refraining from overpressure. In line with similar reports, we found that the iOCT enables the surgeon in a 27% faster unfolding and positioning of the graft. Though not assessed in this study a shorter duration of unfolding and positioning the graft may be related to less manipulation of the graft and improved graft viability and survival (3–5). Efficiency gains from refraining from overpressure and a faster unfolding time may be offset by the time taken to assess the iOCT images. Future development in automated image analysis may aid to reduce this offset (1, 27, 28).

Long-term follow-up results appeared comparable for both groups. The postoperative ECD loss was slightly lower in the iOCT-optimized protocol compared with the conventional protocol, albeit not statistically significant. In addition to other reports, the combined results suggest that ECD, postoperative IOP or retinal nerve fiber layer are not affected by prolonged overpressure (22, 24, 29).

We evaluated the use of DMEK and use of overpressure. However, the partial effect of these individual factors is difficult to estimate reliably due to the introduced multi-collinearity. In selected cases, iOCT proved indispensable for the surgeon to complete the surgery successfully, and many reports highlight this benefit of iOCT, though it is not feasible to power a trial on these rare cases and outcomes (1, 30). Additionally, when iOCT is available at a center, withholding this technology is considered unethical. We firmly believe that new innovations should be tested on endpoints relevant for patients, and assessing process-related outcomes (e.g. surgical time) can only be secondary to a primary outcome that relates directly to the patient (e.g. surgical safety). With this the relative costs of the iOCT-system warrant discussion given the non-inferiority of our iOCT-optimized protocol. The advantages of iOCT (e.g., time, decision-making) were not reflected in overall post-operative AE rates and clinical outcomes. Similarly, one could hypothesize that refraining from overpressure is also non-inferior regardless intraoperative imaging, and this should be confirmed by clinical studies. Another consideration is in the interpretation of outcomes regarding graft detachments and rebubbling events. In our study protocol, we listed rebubbling as a primary outcome due to its relevance from a patient perspective, though advancing insights let to the conclusion that a graft detachment is a more objective and quantifiable outcome. We therefore reported both and acknowledge that the decision to re-adhere a graft is made by the surgeon.

In conclusion, iOCT-guided DMEK surgery refraining from prolonged over-pressurizing was proven non-inferior to a conventional approach, though it did not reduce the overall rate of post-operative AEs. Surgery times were reduced overall by 13% and the iOCT resulted in a 27% reduction of unfolding time. Surgeons reported a benefit of iOCT in 40% of cases, and iOCT was indispensable in 9% of the conventional cases.
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