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Purpose: To evaluate the efficiency, safety, and stability of a revised tissue-saving treatment protocol in a cohort having pellucid 
marginal degeneration (PMD).
Methods: A retrospective cohort study was conducted on patients with PMD and no previous treatments. A revised protocol of topo- 
guided photorefractive keratectomy to be followed by customized phototherapeutic keratectomy and then corneal crosslinking was 
evaluated by comparing the pre and postoperative outcomes regarding visual (subjective refraction) and topographic (using data from 
Sirius CSO topography software) outcomes.
Results: There were both statistically significant and clinically relevant improvements in the postoperative parameters, where each of 
the unaided and corrected visual acuity, spherical equivalent, refractive cylinder, K readings, topographic cylinder, inferior minus 
superior difference at the 2- and 4- mm diameters, coma aberration, and higher order aberrations were significantly better post-
operatively (all p values were less than 0.01, except for maximum k readings where the p-value was 0.017). The safety and efficacy 
indices for the surgical procedure were remarkably high (1.53 ± 0.70 and 0.90 ± 0.32, respectively).
Conclusion: Our proposed tissue-saving protocol (which showed satisfactory results in keratoconus cases according to a previously 
published article by our research team) has proven its successful outcomes (both topographically and visually) in cases of PMD, which 
is a rare ectatic entity with guarded prognosis using the available conventional ectasia treatment modalities.
Keywords: pellucid marginal degeneration, recent treatment options for PMD, combined PTK and CXL for PMD, tissue saving 
protocol for PMD treatment, revised cross-linking with PTK for PMD

Introduction
Pellucid marginal degeneration (PMD) is an uncommon, progressive, non-inflammatory corneal ectatic disorder with 
thinning of the inferior cornea in a crescent-shaped pattern.1 The corneal ectatic transformation occurs concentric with 
the inferior limbus and is separated from it by a distance of 1–3 mm.2 Tissue loss and crescentic stromal thinning leads to 
flattening of the vertical meridian, with paradoxical steepening at the horizontal meridian resulting in high values of 
against-the-rule astigmatism.3

PMD has been more commonly diagnosed in males than females, and no specific geographic distribution has been 
previously reported for the disease.4,5 Although a specific genetic inheritance has not been validated, high astigmatism in 
family members of patients having PMD has been reported.6

Unlike other inflammatory corneal thinning disorders, PMD is not associated with corneal stromal vascularization or 
lipid depositions, hence the name “pellucid” meaning “clear”.7 Furthermore, it has been considered a peripheral form of 
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keratoconus (KC), with a “crab-claw”, “butterfly”, or “kissing doves” appearance on performing corneal topography.8 

However, an inferior KC can topographically resemble a case of PMD, and a full limbal-to-limbal corneal thickness map 
is more distinctive to differentiate these 2 similar corneal ectatic conditions.1

Although recent corneal imaging has successfully differentiated PMD from KC, this differentiation did not differ 
much in the available treatment options, where there are multiple common treatment modalities, including spectacles for 
cylinder correction, hard contact lenses, corneal cross-linking (CXL), intracorneal ring segments (ICRS), or keratoplasty 
in advanced conditions. For almost two decades, CXL has been regarded as a mainstay treatment modality for both 
KC9,10 and PMD.11,12 Combined CXL and surface regularization of the cornea ensued afterward after Kanellopoulos and 
Binder introduced the Athens protocol, in which they combined both CXL and topography-guided photorefractive 
keratectomy (PRK).13,14 Similarly, marked visual and topographic improvements were reported for the combined 
PRK/CXL protocol in cases of PMD.15–18

Our research team has recently published a more tissue-saving revised protocol for managing various topographic 
types of KC,19 which starts by performing topography-guided PRK without epithelial removal, which is followed by 
customization of PTK treatment depth for each case that transmits the treatment to the corneal stroma in all the treated 
areas with minimal stromal ablation, and then CXL is performed. This customized PTK is attained by studying the PTK 
depth needed to remove the remaining epithelium at the area of minimal ablation after the application of a topo-guided 
treatment, then determining the PTK depth needed to remove that epithelium and hence transmission of treatment to the 
corneal stroma in all the treated areas. Our team has proven the efficacy, safety, and stability of the introduced revised 
protocol in a wide range of keratoconus patients, where the visual quality can be safely improved on a wider optical zone 
with the minimum possible stromal tissue removed, hence increasing the range of patients amenable to our proposed 
treatment protocol.

This study aimed to evaluate our revised protocol on a cohort of patients who had PMD, to determine whether the protocol 
can be efficiently and safely applied to such patients, or whether the results will not be as satisfactory as in cases of KC.

Materials and Methods
This retrospective cohort study was conducted using the electronic medical files of patients who had PMD and performed 
our revised protocol. All the patients sought medical advice at Maadi Eye Subspeciality Center, Cairo, Egypt. Surgeries 
were performed during the time interval from January 2019 to May 2023. The study abided by the tenets of the 
Declaration of Helsinki and was approved by the Ethical Committee of Ain Shams University (the registration code is 
FMASU-R197/2023). The institutional review board granted a waiver of informed consent owing to the study’s retro-
spective nature.

The study included cases of PMD with no previous treatments performed. The exclusion criteria comprised any 
anterior segment pathology other than PMD (mainly keratitis, corneal scars, glaucoma, or uveitis), posterior segment 
pathologies, and patients on long-term steroid intake or those having collagen vascular diseases (where corneal healing is 
expected to be compromised). Moreover, any severe cases of ectasia or cases with poor quality scans of their corneal 
topography that would affect the accuracy of topo-guided treatment were excluded from the study. If both eyes of the 
same patient conformed with the study criteria, the right eye was chosen to be enrolled.

The electronic medical files were explored to retrieve all the relevant patients’ data, including age, sex, laterality, pre 
and post-operative subjective refraction (including Uncorrected Distance Visual Acuity “UDVA” and Corrected Distance 
Visual Acuity “CDVA” using Snellen acuity chart, and the spherical equivalent and the cylinder of the performed 
treatment). Any documented postoperative complications were collected and analyzed.

Regarding the laser treatment, data were obtained from the surgical planning printout of Contoura topography-guided 
ablation software of WaveLight EX500 excimer laser system (Alcon, USA). It included the maximum depth of the topo- 
guided treatment, the thickness of the removed epithelium (the depth of PTK), and the thinnest residual stromal bed 
thickness (all measured in microns). The maximum stromal ablation was then calculated by subtracting 50 microns 
(average epithelial thickness) from the sum of the topo-guided treatment maximum depth and the depth of PTK. Figure 1 
illustrates the laser treatment screen showing the various parameters upon which the surgeon based the treatment 
protocol.
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Regarding the corneal topography, data was obtained from the software of Sirius Topographer (CSO Italia) with 
software version Phoenix 3.2.1.60. The corneal thickness maps were well evaluated for the enrolled cohort of patients to 
ensure that all the cases were PMD rather than inferior KC, where a full limbal-to-limbal corneal thickness map 
evaluation was relied upon for reassuring PMD diagnosis rather than inferior KC. The data included in the study was 
the flattest corneal meridian (K1), steepest corneal meridian (K2), topographic cylinder, mean Keratometry (K mean), 
maximum Keratometry (K max), corneal thinnest location, corneal asphericity (Q value), pupil diameter, inferior minus 
superior keratometric difference at 2- and 4-mm diameters, and the root mean square (RMS) of coma aberration, 
spherical aberration, and higher order aberrations (HOAs).

The surgical procedure was done for all the enrolled participants by the same experienced surgeon (M.O.Y.). All the 
enrolled virgin corneas with PMD underwent topo-guided PRK at the beginning of the procedure before epithelial 
removal using WaveLight EX500 excimer laser system (Alcon, USA). This was followed by customized PTK (where the 
depth of laser treatment was tailored to each case after studying the topo-guided laser profile on the laser treatment 
screen) to transmit the laser treatment to the deeper stroma of the cornea at all the treated areas. In the end, CXL was 
done using the Avedro KXL System (Avedro Inc., USA). One second’s pulsed interval was used at a power of 30 mW/ 
cm2 with an irradiation time of 4 minutes and a total treatment time of 8 minutes with a total energy delivered of 7.2 J/ 
cm2. The details of the performed procedures and the methods adopted for maximal tissue saving while keeping a safe 
procedure are all detailed in our previously published work on KC patients.19

Noting that very high against-the-rule astigmatism was the main refractive component in most PMD patients, 
patients’ refraction that was chosen to be corrected with the topo-guided PRK was the highest cylinder that could be 
corrected without bypassing the cutoff points listed in our previously published paper for cases of KC.19 The topographic 
cylinder axis was chosen in the treatment profile for all cases even if it was not 100% coincident with the refractive 
cylinder axis.

The surgeon considered that cutoff values of 360 µm of minimal residual stromal thickness and a maximum stromal 
ablation depth of 70 µm were not to be exceeded for all cases. The 360 µm residual stromal bed was chosen to keep the 
efficacy of the CXL. We went beyond the classic 400 µm residual stromal depth. A similar protocol has already been 

Figure 1 The surgical planning printout of Contoura topography-guided ablation software of WaveLight EX500 excimer laser system (Alcon, USA) showing how to use the 
treatment screen data to calculate the treatment parameters and set a treatment plan: 1- Minimum ablation depth within the treatment optical zone (it is determined by 
correlating the ablation profile color-coded map with the color scale, where its value here is 9.9 microns). 2- Maximum PRK treatment ablation depth. 3- Phototherapeutic 
keratectomy depth needed for epithelium removal is then calculated (here it was set to be 40 to reach the 50 microns needed for complete epithelial removal over the area 
of minimum ablation). 4- Residual stroma (it should not go below 360 microns as a lower limit). 5- Treatment optical zone (here it was set to 6 mm to cover the scotopic 
pupil diameter). The maximum stromal ablation depth here is 49 microns.
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published by Hafezi et al.20 We did not go beyond the 70µm ablation depth as we believe that this would have a higher 
risk of induced corneal haze. Three values were manipulated to design the treatment profile (PRK/PTK) that will not 
exceed the cutoff values, namely the treatment optical zone, the value of the treated corneal astigmatism, and the depth of 
PTK treatment.

Statistical Analysis
Data were collected, revised, coded, and entered into the Statistical Package for Social Science (IBM SPSS) version 23. 
The quantitative data were presented as mean, standard deviations, and ranges when parametric. Also, qualitative 
variables were presented as numbers and percentages. Comparisons between groups with qualitative data were made 
using the Chi-square test. Kolmogorov-Smirnoff test was used for checking data normality. Comparisons between two 
paired groups with quantitative data and parametric distribution were made using Paired t-test, while comparisons 
between two paired groups with quantitative data and non-parametric distribution were made using Wilcoxon signed- 
rank test. The confidence interval was set to 95% and the margin of error accepted was set to 5%. So, the p-value was 
considered significant if the p-value was <0.05.

Results
This study included 18 eyes of 18 patients who had PMD. The age had a mean ± SD of 35.72 years ± 4.07 (range of 29 to 40 years). 
The male-to-female percentage was 88.9% (16 eyes) to 11.1% (2 eyes), respectively, and 10 eyes were right while 8 eyes were left 
(percentage of 55.6% to 44%, respectively). The follow-up interval had a mean ± SD of 21.4 ± 13.2 months, with a range of 5 to 48 
months.

Table 1 illustrates the details of the preoperative mean ± SD or median (IQR) of the patients’ treatment SE, cylinder, 
maximum treatment depth, the thickness of the removed epithelium, maximal stromal ablation, and the thinnest residual 
stromal bed.

The safety and efficacy indices of the revised protocol were calculated21 and showed high values of 1.53 ± 0.70 and 
0.90 ± 0.32, respectively.

Table 2 and Table 3 demonstrate the pre and postoperative patients’ topographic indices and subjective refraction, 
respectively. The results declared both statistically significant and clinically relevant improvements in all the evaluated 
parameters (except for the spherical aberration). There were significant visual improvements in a considerable percentage 
of the cohort, where 66.6% of patients gained two lines or more postoperatively, and 33.3% either gained one line or kept 
a stable refraction postoperatively.

Table 1 The Details of the Preoperative Mean ± SD or Median (IQR) and the Overall Range of 
the Most Relevant Preoperative Treatment Parameters for the Enrolled Cohort Having Pellucid 
Marginal Degeneration

Treatment Spherical Equivalent (in Diopters) Median (IQR) −1.18 (1.04)
Range −2.75–0

Treatment Cylinder (in diopters) Median (IQR) −2.63 (1.11)
Range −5.5–1

Treatment maximum depth (in microns) Mean±SD 59.28 ± 11.09
Range 40–80

Epithelium removed (in microns) Mean±SD 39.17 ± 8.95
Range 25–50

Maximum stromal ablation depth (in microns) Mean±SD 49.56 ± 9.49
Range 23–60

Thinnest residual stromal bed (in microns) Mean±SD 397.94 ± 25.53

Range 358–462
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Table 2 Comparisons Between the Pre and Postoperative Patients’ Topographic Indices Obtained from Sirius CSO 
Topography for the Enrolled Cohort Having Pellucid Marginal Degeneration

Preoperative Postoperative Test value P-value

No. = 18 No. = 18

K1+ Mean±SD 42.49 ± 2.42 42.54 ± 2.02 0.166 0.870
Range 38.15–45.91 39.61–45.68

K2+ Mean±SD 45.66 ± 1.35 43.75 ± 2.00 −5.477 0.000
Range 42.97–47.28 40.75–47.02

Cyl+ Mean±SD 3.17 ± 2.35 1.27 ± 0.72 −3.683a 0.000
Range 1–7.88 0.29–2.36

K mean+ Mean±SD 43.98 ± 1.64 43.10 ± 1.93 −5.462 0.000
Range 41.72–46.58 40.5–46.03

K max+ Mean±SD 55.82 ± 6.44 52.62 ± 5.96 −2.656 0.017
Range 48.54–64.92 46.44–62.56

Thinnest location Mean±SD 496.28 ± 31.38 415.06 ± 26.18 −24.903b 0.000
Range 431–572 372–488

Q value+ Mean±SD 0.04 ± 0.40 0.07 ± 0.66 −0.545a 0.586
Range −0.94–0.64 −0.88–1.29

Pupil diameter Mean±SD 6.09 ± 0.78 5.70 ± 0.55 −2.335b 0.042
Range 5.28–7.18 4.87–6.5

I-S difference+ at 2 mm Mean±SD 4.46 ± 3.26 1.31 ± 1.15 −3.728a 0.000
Range 1.09–12.03 0.14–4

I-S difference at 4 mm Mean±SD 7.15 ± 3.26 2.15 ± 2.31 −3.727a 0.000
Range 3.64–12.68 0.46–10

Coma aberration Mean±SD 1.15 ± 0.53 0.56 ± 0.33 −3.073a 0.002
Range 0.57–2.23 0.29–1.23

Spherical aberration Mean±SD 0.43 ± 0.25 0.40 ± 0.30 −0.371a 0.711
Range 0.06–0.89 0.08–1.02

HOA (RMS)+ Mean±SD 1.65 ± 0.63 1.12 ± 0.41 −2.984b 0.008

Range 0.93–2.73 0.54–1.68

Notes: *P-value > 0.05: Non-significant; P-value < 0.05: Significant. aWilcoxon signed-rank test, bPaired t-test. 
Abbreviations: +K1, Flattest corneal meridian; K2, Steepest corneal meridian; Cyl, Topographic cylinder; K mean, Mean Keratometry; K max, 
Maximum Keratometry; Q value, Corneal asphericity; I-S difference, Inferior minus superior keratometric difference; HOAs, Higher order aberrations; 
RMS, Root mean square.

Table 3 Comparisons Between the Pre and Postoperative Subjective Refraction for the Enrolled 
Cohort Having Pellucid Marginal Degeneration

Preoperative Postoperative Test valuea P-value

No. = 18 No. = 18

CDVA* Mean±SD 0.79 ± 0.20 1.08 ± 0.17 −3.352 0.001
Range 0.3–1 1–2

UDVA* Mean±SD 0.36 ± 0.19 0.71 ± 0.29 −3.756 0.000
Range 0.05–0.6 0.2–1.2

(Continued)
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Figure 2 shows the pre and postoperative sagittal anterior curvature maps of Sirius CSO topography for a patient from 
the included cohort. The figure illustrates the marked topographic improvement in the curvature maps.

Regarding the detection of postoperative complications, two of the enrolled patients (with a percentage of 11.1%) 
experienced a relatively long period of delayed epithelial healing (more than 5 days). They were both treated with 
excessive topical lubricants and frequent changes of bandage contact lenses, and one of them needed the preparation of 
autologous serum. The latter patient developed prolonged, mild to moderate corneal haze for more than six months 
following the procedure. The haze was related to the persistent epithelial defect that took 19 days till complete healing. 
Although this patient developed delayed epithelial healing and some corneal haze, the electronic medical records showed 
that he still reported an improved visual quality postoperatively.

Discussion
In various medical fields, common entities of various diseases are always under the spotlight in research work, contrary 
to their rare counterparts which are always less frequently investigated owing to the sparsity of detected cases. This is the 
case for KC and its less common peripheral counterpart, namely PMD. The present study addressed a cohort of cases that 
had PMD and evaluated the efficacy, safety, and stability of a newly introduced revised tissue-saving protocol of 
management that was previously published by our research team19 with promising results for KC cases. This is the 
first report documenting its results for cases of PMD.

Although the available treatment options for both KC and PMD are almost similar, prognosis following either 
conservative or surgical procedures can vary in many instances. Fitting rigid scleral contact lenses is more difficult in 
cases of PMD due to the peripheral ectatic location.22 Corneal grafts are also more challenging and carry a higher rate of 

Table 3 (Continued). 

Preoperative Postoperative Test valuea P-value

No. = 18 No. = 18

SE* Mean±SD −3.53 ± 2.82 −1.72 ± 1.70 −3.600 0.000
Range −9 – −1.25 −5.5 – −0.5

Cyl* Mean±SD −3.44 ± 2.17 −1.01 ± 0.57 −3.167 0.002

Range −7 – 2.5 −2 – 0

P value < 0.05: non-significant; P value < 0.05: significant. aWilcoxon signed-rank test. 
Abbreviations: *CDVA, Corrected distance visual acuity; UDVA, Unaided distance visual acuity; SE, Spherical equivalent; Cyl, 
Refractive cylinder.

Figure 2 The pre (on the right) and the post (on the left) operative sagittal anterior curvature maps of Sirius CSO topography for a patient from the included cohort having 
pellucid marginal degeneration with obvious postoperative topographic improvement.
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postoperative astigmatism as they require larger and more eccentric graft locations. ICRS is a competent way to address 
ectatic cases but requires a proper selection of candidates to avoid possible postoperative complications, especially in 
more advanced ectatic conditions and in the more peripheral cases of PMD.23 The more guarded prognosis for using 
ICRS in cases of PMD could be attributed to the fact that for the ring segment to flatten the horizontal steep corneal axis, 
it needs to be placed inferiorly on the flat corneal axis. This is a location that lies very close to the thinnest corneal 
location, which can increase the incidence of postoperative ring extrusion or migration, corneal thinning, or melting.

The protocol of CXL is undoubtedly a benchmark for managing cases of corneal ectasia with proven efficiency. It can 
slow down or even halt the ectatic progression by inducing an oxidation process that triggers the formation of corneal 
cross-links between the stromal collagen bundles.24,25

To date, a considerable number of case reports and case series studies have been published on patients having PMD who 
either performed CXL2,26,27 or combined PRK and CXL,15,16,18 where all the studies have shown satisfactory visual and 
topographic results postoperatively. Though CXL alone has been accepted as a sole treatment option for mild PMD cases with 
low astigmatism, cases with a high volume of against-the-rule astigmatism that exceeds the limits legible for correction by 
glasses or toric ICL represent a refractive challenge that necessitates having a more comprehensive solution to decrease the very 
high values of corneal astigmatism to levels that could be managed afterward, either conservatively with glasses or with toric 
ICL implantation (especially if associated with high spherical errors that failed to be corrected during the surgical procedure).

Our study results showed significant visual and topographic improvements in the evaluated cohort of patients. 
With high values of both efficacy and safety indices, and with a relatively long follow-up interval that reached up 
to 48 months, our proposed revised protocol of combined PRK to be followed by customized PTK then CXL can 
be successfully and safely used for cases of PMD. Because the protocol is a tissue-saving modality of treatment 
(where the stromal ablation depth could be maximally reduced and the residual stromal bed could be maximally 
preserved), it can significantly aid in enrolling a larger range of patients who were not suitable candidates for the 
classic Athens protocol (combined PTK and CXL) to benefit from this treatment modality.

As per the present study’s results, our revised tissue-saving protocol can be efficiently and safely used on a wide scale 
in cases of PMD, and it is not only successful in cases of KC as previously published.19 The included cohort of PMD 
cases ranged from mild to severe ectatic conditions (for instance, preoperative Kmax readings ranged from 48.54 to 
64.92 D), and all the results were satisfactory from both topographic and visual aspects.

Our study reported a relatively long follow-up interval and included an acceptable number of PMD cases 
(considering the rarity of such cases). However, the major limitation of our study is its retrospective nature and that 
the cases were recruited from a single center in Cairo, Egypt. Although this private center receives cases from all over 
the Egyptian governorates, the study is still unicentric. Prospective multicentric studies on a larger scale of patients can 
further warrant the application of our revised protocol in cases of PMD. Besides, future longitudinal studies can more 
accurately detect patients’ postoperative satisfaction by subjectively evaluating their visual quality using contrast 
sensitivity evaluation and visual assessment questionnaires. Moreover, comparative studies with other available 
treatment options would more obviously elucidate the efficiency of the proposed protocol. We are also considering 
the implementation of a personalized epithelial thickness programming using anterior segment Optical Coherence 
Tomography, hoping for the providence of a better and more accurate picture of the corneal epithelium while planning 
the ablation profile.

Conclusions
The present study supports that our combined protocol of PRK to be followed by customized PTK then CXL can be an 
effective treatment option for cases of PMD. The promising results of the introduced protocol and the larger scale of 
patients to be included open a gateway for better prognosis in such a rare entity of corneal ectasia.

Data Sharing Statement
Available from the corresponding author upon reasonable request.
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