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O R I G I N A L  A R T I C L E

Posterior stromal ripples increase risk of Descemet's membrane 
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Abstract

Purpose: To evaluate anterior segment optical coherence tomography (AS- OCT) 

features of Descemet's membrane endothelial keratoplasty (DMEK) grafts 

associated with graft attachment worsening over time.

Methods: Retrospective case series on patients who received uncomplicated 

DMEK surgery and for whom subsequent AS- OCT data were available for 

analysis. Patients' demographics and surgical details were collected. AS- OCT 

was analysed for graft detachment axial extension, presence of posterior stromal 

ripples, quadrant involvement (location and number), degree of detachment 

extension, peripheral roll, presence and amount of air in the anterior chamber 

(AC). Features associated with re- bubbling and graft detachment worsening over 

time were identified.

Results: A total of 147 patients with a mean age of 70.8 ± 9.8 years (63% females) 

were included. AS- OCT was performed at 2.9 ± 2.4 days after surgery. AS- OCT 

factors associated with re- bubbling were posterior stromal ripples (p = 0.004) and 

detachment axial extension (p < 0.001). At first follow- up, of the 147 DMEK, 67 

showed complete attachment and 80 partial detachment. In those cases of initially 

completely attached grafts, posterior stromal ripples were associated with the risk 

of subsequent graft detachment (p = 0.014) together with recipient age (p = 0.043), 

phaco- combined surgery (p  =  0.018) and AS- OCT timing (p  =  0.033); while, in 

the initially partially detached grafts, detachment worsening was associated 

with posterior stromal ripples (p = 0.025), detachment axial extension (p = 0.003), 

degrees of detachment involvement (p = 0.029), peripheral roll- in shape (p = 0.033) 

and presence of air in the AC (p = 0.032). Relative risk (RR) of graft detachment 

worsening in patients with moderate/severe posterior stromal ripples was 1.75 (95% 

CI = 1.09– 2.81).

Conclusion: Posterior stromal ripples and detachment axial extension >1/3 of graft 

surface area were the main risk factors for detachment worsening over time, and 

patients showing these features should be monitored closely to identify the need for 

re- bubbling at an early stage, thus improving surgical outcomes.
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1 |  INTRODUCTION

Descemet membrane endothelial keratoplasty (DMEK) 
has become a safe and standardized treatment option 
for corneal endothelial disorders since it was first intro-
duced by (Melles et al., 2006). However, early postopera-
tive graft detachment and graft failure remain important 
challenges of the procedure with graft detachment still 
the predominant reason for repeat DMEK/Descemet 
Stripping Automated Endothelial Keratoplasty (DSAEK) 
(Deng et al., 2018); (Heinzelmann et al., 2016); (Romano 
et al., 2020); (Stuart et al., 2018).

Early identification of DMEK graft detachment is es-
sential to improve graft outcomes, and strategies to pre-
dict whether the detachment will worsen over time can 
aid in the decision to treat with intracameral gas reinjec-
tion (re- bubbling) (Parekh et al., 2018).

Anterior segment optical coherence tomography (AS- 
OCT) is a useful tool to identify early partial graft detach-
ment and to determine whether further intervention is needed 
(Parekh et al.,  2018) (Moutsouris et al.,  2011). It provides 
excellent visualization of the area of graft detachment that 
cannot be observed at the slit lamp, especially in cases of flat 
detachment, where the distance between the detached DMEK 
and the recipient cornea is small (Moutsouris et al., 2011).

Decisions on whether to treat a detachment with re- 
bubbling are commonly based on visual acuity, slit lamp 
examination and AS- OCT findings, together with sur-
geon and patient preference (Deshmukh et al.,  2022). 
When the detachment shows worsening over time, re- 
bubbling should be performed (Dirisamer et al.,  2012); 
(Gerber- Hollbach et al.,  2017) ideally within the first 
4– 6 weeks after surgery (Yeh et al., 2013). In fact, a delay 
in the re- bubbling decision may cause scarring and con-
traction of the Descemet membrane leading to incom-
plete attachment and unsuccessful outcomes (López 
et al., 2016). If required, therefore, re- bubbling should be 
performed at a relatively early stage (Dapena et al., 2009); 
(Ham et al., 2008); (Yeh et al., 2013).

Although previous studies have extensively evalu-
ated recipient, donor and surgical factors associated 
with graft detachments (Rodríguez- Calvo De Mora 
et al.,  2016); (Mechels et al.,  2017); (Leon et al.,  2018); 
(Tourtas et al.,  2014); (Chaurasia et al.,  2014); (Röck 
et al., 2015); (Heinzelmann et al., 2018), only a handful of 
studies have evaluated the anatomical features of graft 
detachment as a risk factor for worsening over time (Yeh 
et al., 2013); (Dirisamer et al., 2012); (Bucher et al., 2015). 
In the present study, we evaluated which DMEK graft 
factors seen at AS- OCT scans performed within the first 
10 days after surgery were associated with a greater risk 
of detachment worsening over time, possibly requiring 
re- bubbling. The ultimate aim was to provide evidence 
as to which patients are at higher risk of graft detach-
ment worsening and to allow closer monitoring to enable 
prompt detection of the requirement for re- bubbling.

2 |  M ETHODS

We included all patients who received uncomplicated 
DMEK surgery between September 2017 and January 

2021 at the Royal Liverpool University Hospital and 
for whom subsequent AS- OCT data were available for 
analysis. Patients were excluded if no AS- OCT scan 
was available for analysis or first AS- OCT scan was 
performed >10 days after surgery. Additionally, we ex-
cluded patients who experienced intraoperative and/or 
early postoperative complications (e.g., prolonged pupil-
lary block, air bubble dislocation, upside- down grafts, 
complete graft detachment with free- floating graft in 
the anterior chamber, folded grafts) for whom a different 
clinical and/or surgical approach was required. Lastly, 
patients who received hemi- DMEK were excluded due 
to differences in graft detachment appearance and 
management.

Descemet's membrane endothelial keratoplasty sur-
gery was performed as previously described.[5] Briefly, 
descemetorhexis was initially performed at a size of 
approximately 0.5 mm larger than the DMEK lenticle. 
Peripheral iridotomy (PI) was performed at this stage 
according to the surgeon's preference. DMEK tissue was 
delivered through a glass vial. Manipulation by tapping 
on the outer corneal surface was used to unfold and cen-
tre the graft. Once the graft was correctly positioned, an 
air bubble was injected into the AC to secure the DMEK 
graft position. 100% AC fill was achieved at the end of 
the surgery. Patients were checked 1 h after surgery, and 
if the AC air fill was still complete, the release of air from 
the AC was performed to leave its level at approximately 
80%– 90% air fill.

2.1 | Data collection

Patients' demographics, reason for graft, donor char-
acteristics, type of surgery (DMEK or phaco- DMEK), 
presence of PI, previous pars plana vitrectomy (ppv) and 
surgeon level (experience graded as < or >100 DMEK 
surgeries performed) were collected from an electronic 
record review. DMEK surgical time was collected from 
the theatre register. All eyes were clinically examined on 
day 1, day 3/4, 1 week, 1 and 3 months postoperatively. 
According to clinical needs, additional follow- up visits 
were scheduled for each patient.

Anterior segment optical coherence tomography 
data were extracted from the instrument (CASIA AS- 
OCT SS- 1000, Tomey). AS- OCT scans were performed 
at each outpatient clinical visit; however, when the pa-
tient was admitted after surgery and examined on day 
1 postoperatively as an inpatient in the ward, AS- OCT 
scans were frequently not performed on that day. First 
and subsequent available AS- OCT for each patient were 
analysed. Each AS- OCT was analysed over 360 degrees 
(radial scans) and any type of detachment was described, 
regardless of its size. The maximal axial extension of 
detachment in the 360- degree scans was defined as de-
tachment involving: (1) lateral 1/4 if less than/equal to 
1/4 of the surface area, (2) lateral 1/3, if less than/equal 
to 1/3, (3) the paracentral area if involving more than 
1/3 but not the central area, (4) the central area, defined 
as the central 2 mm of the entire cornea. The number of 
quadrants involved in detachment were reported, as well 
as the involvement of (1) superior quadrant +/− others, 
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(2) lateral (nasal and/or temporal) quadrant +/− inferior 
and (3) inferior quadrant. The number of quadrants in-
volved was not necessarily related to the extension of the 
detachment, so degrees of extension of detachment were 
calculated separately and categorized as follows: (1) ≤45, 
(2) 46– 90, (3) 91– 135, (4) 136– 180, (5) 181– 270, (6) 271– 360. 
To calculate degrees of extension of detachment, the ra-
dial scan line was manually moved throughout the 360 
degrees. Grades corresponding to graft detachment were 
recorded and, in case of multiple areas of detachment, 
summed up together.

Peripheral graft shape at the area of detachment was 
assessed for the presence of a peripheral roll (absent, 
mild if only a tendency of roll- in shape was found and 
moderate/severe if a clear peripheral roll was noted). 
Posterior corneal profile was assessed for the presence 
of a feature we have termed ‘stromal ripples’. Posterior 
stromal ripple was defined as an irregularity in the pos-
terior corneal profile that assumed the shape of a ripple, 
as shown in Figure 1. Degree of posterior stromal ripples 
was graded as none, mild or moderate/severe. Two in-
dependent observers (cornea specialists) graded the level 
of posterior stromal ripples as mild or moderate/severe 
based on their number (</=4 or >4) and their appearance 
(less evident or more evident). In case of disagreement 
between observers, the number of posterior stromal rip-
ples was used to categorize them into the mild (</=4) or 
moderate/severe (>4) grade (Figure 1).

Presence of air in the anterior chamber (AC) and 
amount of air visible from the AS- OCT scan were re-
corded. Grafts were defined as attached if full DMEK 
graft attachment was noted and partially detached in 
all other cases, even if a minimal area of DMEK graft 
was detached in any of the 360- degree AS- OCT scan. 
Cases of grafts completely detached from the recipient 
stroma were defined as ‘free floating’ and excluded from 
the analysis as explained in the exclusion criteria. At 
follow- up, the detached grafts were assessed as (1) sta-
ble, if no change in the parameters analysed was noted, 
(2) improved, if a decrease in the extent of the detached 
area was noted or (3) worsened, if an increase in the area 
of detachment was noted.

Descemet's membrane endothelial keratoplasty grafts 
were re- bubbled at first follow- up if the detachment was 
involving 1/3 of the axial extension for more than four 

quadrants and if the detachment was involving the cen-
tral 5 mm of the cornea (pupillary area). Re- bubbling was 
performed at a later stage in cases of worsening DMEK 
detachments meeting the above- described criteria.

2.2 | Grouping and analysis

Graft features assessed with AS- OCT within 10 days 
of surgery were used to create two cohorts: attached 
grafts and partially detached grafts, as previously de-
fined. Based on natural history, attached grafts were 
divided into (1) grafts that remained attached (stable) 
and (2) grafts that partially detached during follow- up 
(worsened), while partially detached grafts were divided 
into (1) detached grafts that remained stable or improved 
over time and (2) detached grafts that worsened, as de-
fined previously.

The whole study population was described, and AS- 
OCT factors associated with re- bubbling at any stage 
were determined. AS- OCT parameters associated with 
stability/improvement and worsening were analysed in 
both groups of attached and partially detached grafts. 
Clinical parameters known as risk factors for graft de-
tachment were controlled for. Among partially detached 
grafts, group- by- group comparison between stable/im-
proved detachments and worsened detachments was per-
formed to detect differences among them. Differences 
in central corneal thickness (CCT) and corneal volume 
(CV) were evaluated at this stage.

Risk of worsening was calculated for attached grafts 
showing stromal ripples and for partially detached grafts 
showing detachments of ≤ or >1/3 of the surface area and 
in the presence of stromal ripples (moderate/severe, all, 
none).

2.3 | Statistical analysis

Data are presented as the mean ± standard deviation 
(SD), or as percentages (%) for categorical variables. 
A generalized linear model (GLM) (logit function) 
was fit with predictors through backward elimination 
(until p≤0.1) controlling for confounders to identify 
risk factors associated with (1) factors at first follow- up 

F I G U R E  1  Posterior stromal ripples and classification. (a and b)show AS- OCT scan with no posterior stromal ripples in attached and 
partially detached DMEK grafts, respectively. (c and d) show mild posterior stromal ripples in attached and partially detached DMEK grafts, 
respectively. (e and f) show moderate/severe posterior stromal ripples in attached and partially detached DMEK grafts, respectively.

(a) (b) (c)

(d) (e) (f)
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associated with graft detachment requiring re- 
bubbling at any time, (2) AS- OCT factors associated 
with partial graft detachment after initial attachment, 
(3) AS- OCT factors associated with graft stability/
improvement versus worsening in partially detached 
grafts. Parameters analysed in the model included 
AS- OCT DMEK graft detachment characteristics 
(axial extension, stromal ripples, number of quadrants 
involved, type of quadrant involved, degrees of detached 
area, peripheral roll- in shape). We also included known 
clinical risk factors for graft detachment like recipient 
age, reason for graft, type of tissue used (surgeon 
stripped, prestripped or preloaded), surgeon level and 
phaco- combined procedures.

Fisher's exact test and Mann– Whitney U test were 
used to test differences between groups of grafts show-
ing stability/improvement and worsening. The statistical 
analyses were performed using STATA 13.0 (StataCorp.) 
and a p- value of less than 0.05 was considered statistically 
significant. The study was approved by the Institutional 
Review Board (IRB) (A0002786) and followed the tenets 
of the Declaration of Helsinki.

3 |  RESU LTS

One hundred forty- seven eyes of 147 patients were in-
cluded in the study. The mean age was 70.8 ± 9.8 years 
(range 45.4– 96.6 years) and 63% were females (92/147). 
The most common indication for DMEK was Fuchs en-
dothelial dystrophy (FED; 94 eyes, 64%). Other patients 
had pseudophakic bullous keratopathy (PBK) (53 eyes, 
36%). Only one patient had previous ppv for retinal de-
tachment. No difference was present between included 
and excluded patients for age (70.8 ± 9.8 vs. 72.5  ± 10.8; 
p = 0.237, Mann– Whitney U test), sex (females 63% vs. 
60%; p = 0.861, Fisher's exact test) and reason for graft-
ing (FED 64% in both groups; p =  1.00). In most eyes, 
phacoemulsification cataract surgery was performed at 
the same time as the DMEK (triple procedure; 89 eyes, 
60.5%), while in 38% of cases (56/147) patients were pseu-
dophakic at the time of surgery, and 2 eyes were phakic 
(1.4%). PI was performed in 46% of patients. Donor age 
was 66.3 ± 9.3 years, and 62% were males. Mean ECD 
of the graft was 2548 ± 187 cells/mm2, and mean graft 
diameter was 8.4 ± 0.4 (range 7.75– 9.5 mm). After sur-
gery, all patients received a subconjunctival injection 
of gentamicin and dexamethasone. Postoperatively, all 
patients were prescribed topical chloramphenicol 0.5% 
4xday for 14 days and 2- hourly prednisolone 1%, which 
was tapered to 6xday after a week and 4xday at 1 month. 
In 12 patients (8%), air was reduced after surgery at ap-
proximately 80%– 90% air fill; of these, in three cases the 
need for air release presented regardless of the PI.

3.1 | All patients— AS- OCT factors 
associated with re- bubbling at any stage

First AS- OCT scan was acquired at a mean of 
2.9 ± 2.4 days after surgery. At the time of first scan, 46% 
(67/147) of patients showed completely attached grafts, 

while the remaining 54% (80/147) showed partial detach-
ments; 17% showed detachment of ≤1/4, 15% of ≤1/3, 10% 
showed paracentral detachment and 12% detachment in-
volving the central area. The mean number (n) of quad-
rants involved was 1.1 ± 1.4. The superior quadrant was 
involved in 22% of cases. Nineteen grafts showed a pe-
ripheral roll at the edge (13%). Posterior stromal ripples 
were noted as mild in 21% of cases and moderate/severe 
in 19%. Overall, air was still present in 104 eyes (71%) 
with an average of 40.1% ± 20.7% of AC fill when present. 
A total of 52 (35.4%) eyes were re- bubbled at some stage, 
of which 15 eyes (10.2%) were re- bubbled at this visit and 
29.3% at a later follow- up visit (also accounting for 2nd 
re- bubbling).

Overall, significant AS- OCT factors at first follow- up 
associated with graft detachment requiring re- bubbling 
at any stage were: stromal ripples (p = 0.004, GLM) and 
detachment axial extension (p < 0.001). Not significant 
were the presence of air in the AC (p  =  0.090), type of 
tissue used for surgery (p =  0.076) and phaco- combined 
procedures (p = 0.100). All the other parameters analysed 
(e.g., number of quadrants involved, type of quadrant in-
volved, degrees of detached area, peripheral roll- in shape, 
recipient age, reason for graft and surgeon level) were 
largely not significant, therefore not kept in the model 
during backward elimination. Neither the presence of the 
PI nor the need for air release did influence the rate of re- 
bubbling (both p = 1.00, Fisher's exact test). Detailed AS- 
OCT characteristics of attached and partially detached 
DMEK grafts at first scan are reported in Figure S1.

3.2 | Attached grafts— AS- OCT factors 
associated with subsequent partial detachment

Of the grafts that showed complete attachment at first 
follow- up (mean 2.4 ± 2.2 days), air was still present in 
the anterior chamber in 56/67 (84%) with an average of 
44.9% ± 21.6% anterior chamber fill when present. 19/67 
of these patients showed stromal ripples.

Forty- five out of the 67 completely attached grafts 
remained attached over time, while 22/67 worsened at 
subsequent follow- up (12.6 ± 22.6 days) and of those, 
15/22 required re- bubbling at a later stage. Grafts that 
remained attached showed stromal ripples in 18% of 
cases (8/45) that were mild in 13.5% (6/45). By contrast, 
attached grafts that showed worsening over time showed 
stromal ripples in 50% of cases (11/22) (mild in 41%, 9/22).

Among grafts completely attached at first follow- up, 
the presence of posterior stromal ripples was associated 
with worsening (p =  0.014, GLM) together with recipi-
ent age (p = 0.043), phaco- combined surgery (p = 0.018) 
and time at which AS- OCT was performed (p =  0.033, 
higher risk for earlier scan). Not significant was the type 
of tissue used (p  =  0.100). Other parameters analysed 
(e.g., reason for graft and surgeon level) were largely not 
significant, therefore not kept in the model. Neither the 
presence of the PI nor the need for air release did influ-
ence DMEK graft attachment worsening over time (both 
p = 1.00, Fisher's exact test).

Fisher's exact test showed a significant difference in 
the distribution of stromal ripples between grafts that 
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remained attached (18%) and those which detached 
(50%) (p  =  0.021). Detailed AS- OCT characteristics of 
attached DMEK, which showed stability and worsening 
over time are reported in Figure 2.

3.3 | Partially detached grafts— AS- OCT  
factors associated with improvement/
stability or worsening

80 DMEK grafts were analysed at this stage. Mean AS- 
OCT time after surgery was 3.4 ± 2.4 days. Stromal rip-
ples were evident in 56% of cases (23% mild and 34% 
moderate/severe). Central corneal involvement was 
present in 21% of cases, the paracentral cornea in 19%, 
≤1/3 in 28% and 1/4 in 31%. On average, 2.1 ± 1.2 quad-
rants were involved in detachment, with the superior 
quadrant involved (±others) in 40% of cases.19 grafts 
showed peripheral roll- in at the edges. 64% of patients 
still had some air left in the AC, with mean AC air fill of 
22.2% ± 22.4% if present. Fifteen patients (19%) were re- 
bubbled at this stage (3.4 ± 2.4 days after surgery), and the 
remaining 65 patients were followed up. Of the 65 eyes 
that did not undergo re- bubbling at this stage, 31 (48%) 
detached DMEK grafts showed stability (14/31) or even 
improvement (17/31) at subsequent follow- up, while the 
remaining 34 (52%) showed worsening of the detached 
area. Of this latter group, 22/34 required re- bubbling 
at a later stage. Detailed characteristics of grafts that 
showed stability/improvement or worsening are outlined 
in Figure 3.

Regression analysis was performed to analyse factors 
associated with DMEK graft detachment worsening ver-
sus stability/improvement. Detachment characteristics 
significantly associated with worsening at subsequent 
follow- up were: stromal ripples (p = 0.025), detachment 
axial extension (p  =  0.003), degrees of detachment in-
volvement (p = 0.029), peripheral roll- in shape (p = 0.033) 
and presence of air in the AC (p = 0.032). Surgeon level 
was not significant (p  =  0.079). Other parameters an-
alysed (e.g., number of quadrants involved, type of 
quadrant involved, recipient age, reason for graft, type 
of tissue used and phaco- combined procedures) were 

largely not significant, therefore not kept in the model. 
Neither the presence of the PI nor the need for air release 
did influence DMEK graft detachment worsening over 
time (p = 1.00 and p = 0.701, respectively, Fisher's exact 
test).

3.4 | Partially detached grafts— group- by- 
group comparison between stable/improved and 
worsened detachments

Fisher's exact test was used to compare the AS- OCT ap-
pearance of grafts that showed worsening at subsequent 
follow- up and those which showed stability/improve-
ment. Different distribution between groups was found 
for moderate/severe stromal ripples (p = 0.026), detach-
ment axial extension (p =  0.016) and presence of air in 
the AC (p  =  0.021). Interestingly, the overall presence 
of none, mild and moderate/severe stromal ripples was 
just short of significance (p  =  0.052), highlighting that 
mainly moderate/severe stromal ripples were distributed 
differently between groups. Also, the sole presence of 
central involvement was not different between groups 
(p = 0.262), while comparing detachment involving ≤1/3 
of the surface area and >1/3 the difference was significant 
(p = 0.040). No differences were found in the number of 
quadrants involved (p = 0.077), in the type of quadrant 
involved (p = 0.197) and in the degrees of detachment ex-
tension (p = 0.426). Also, the presence of peripheral rolls 
showed no difference between groups (p = 0.584).

Central corneal thickness showed a significant differ-
ence between grafts that showed worsening (708 ± 105 μm) 
and those which showed stability/improvement 
(663 ± 103 μm) (p = 0.049, Mann– Whitney U test), while CV 
did not show any significant difference (62 335 ± 24 600 μm3 
and 62 964 ± 18 797 μm3, respectively; p = 0.506).

3.5 | Stromal ripples

The presence of stromal ripples was significantly asso-
ciated with the risk of graft detachment requiring re- 
bubbling at any time (p = 0.004, GLM), risk of worsening 

F I G U R E  2  Attached DMEK grafts at first available AS- OCT (n = 67). 67% of initially attached grafts showed stability over time (table on 
the left), while 33% detached at subsequent follow- up (on the right). AS- OCT characteristics of DMEK grafts in each group are highlighted in 
the corresponding table.



6 |   COCO et al.

previously attached grafts (p = 0.014) and risk of detach-
ment worsening over time (p = 0.025).

We therefore evaluated if the reason for grafting was 
associated with their presence in the early postopera-
tive time. No association was found between stromal 
ripples and the reason for grafting, both considering 
all types of stromal ripples (p  =  0.401) and only the 
moderate/severe type (p  =  0.196). Also, no correla-
tion was found comparing DMEK only and triple 

procedure (p  =  0.547). We also tested if the presence 
and severity of stromal ripples were associated with 
surgical time and this was not significant (p  =  0.673, 
one- way ANOVA). However, given the retrospective 
nature of the study, surgical time available (from en-
trance to exit theatre) could have been influenced by 
the type of tissue used depending on the need for tissue 
preparation. So, the analysis was repeated for surgeon 
stripped and preloaded tissues separately and, again, 

F I G U R E  3  Partially detached DMEK grafts at AS- OCT which did not undergo re- bubbling at this visit (n = 65). 48% of partially 
detached grafts showed stability or improvement over time (n = 31), while 52% showed worsening at subsequent follow- up (n = 34). AS- OCT 
characteristics of DMEK grafts in each group are highlighted in the corresponding table.

TA B L E  1  Risk of worsening (RW) and relative risk (RR) of DMEK graft detachment in attached and partially detached grafts based on 
evaluation of AS- OCT scans for the presence of posterior stromal ripples and detachment axial extension

Improved/stable (n) Worsened (n) RW (%) RR (95% CI) p- Value

Risk of worsening

Single AS- OCT feature

Attached grafts

Posterior stromal 
ripples

No 37 11 22.9%

Yes 8 11 57.9% 2.52 (1.3– 4.9) 0.006

Partially detached grafts

Axial extension ≤1/3 surface area 28 21 42.9%

>1/3 surface area 3 13 81.3% 1.9 (1.18– 3.04) 0.008

Posterior stromal 
ripples

Mild/none 27 21 43.8%

Moderate/severe 4 13 76.5% 1.75 (1.09– 2.81) 0.020

Combined AS- OCT features

Partially detached grafts

If moderate/severe posterior stromal ripples

Axial extension ≤1/3 surface area 2 8 80%

>1/3 surface area 2 5 71.4% 0.89 (0.51– 1.56) 0.682

If mild/none posterior stromal ripples

Axial extension ≤1/3 surface area 26 13 33.3%

>1/3 surface area 1 8 88.8% 2.67 (1.4– 5.06) 0.003

Note: The top part of the table describes the number of DMEK grafts showing stability/improvement or worsening and percentage of the risk of worsening based 
on the presence of a single risk factor (either posterior stromal ripples or detachment axial extension). Relative risk of worsening with 95% CI is also reported 
based on posterior stromal ripples and detachment axial extension. The bottom part of the table shows numbers of DMEK grafts showing stability/improvement 
or worsening and percentage of the risk of worsening when posterior stromal ripples (moderate/severe and mild/none) and detachment axial extension (≤1/3 and 
>1/3 of the graft surface area) are analysed together in partially detached grafts. Relative risk of worsening with 95% CI is reported as above. p- values always refer 
to comparisons with the row above.
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the presence and degree of stromal ripples did show no 
association with surgical time (p = 0.733 and p = 0.236, 
respectively).

Overall the presence and degree of stromal rip-
ples were associated with different levels of CCT. In 
the whole study population, at first available AS- 
OCT, when no stromal ripples were present CCT was 
624.3 ± 80.2 μm, when stromal ripples were mild CCT 
was 707.6 ± 62.9 μm and CCT was 757.4 ± 125.1 μm when 
they were moderate/severe (p < 0.001 one- way ANOVA). 
Group- by- group comparison with Bonferroni correc-
tion showed significant differences between none and 
mild or moderate/severe ripples (both p < 0.001) while 
not significant was the difference between mild and 
moderate/severe ripples (p = 0.081). Also, CV changed 
in accordance with the presence of posterior stromal 
ripples with values of 63 640 ± 29 206 μm3 when no rip-
ples were present, 68 974 ± 26 104 μm3 with mild stromal 
ripples and 85 121 ± 43 228 μm3 with moderate/severe 
ripples, with significant differences among groups 
(p = 0.003). However, group- by- group comparison with 
Bonferroni correction showed that significant differ-
ences were only present between no and moderate/se-
vere ripples (p = 0.002).

3.6 | Risk of worsening and relative risk

3.6.1 | Attached grafts

We calculated the risk of worsening (RW) for previously 
attached grafts based on the presence of stromal ripples. 
If no posterior stromal ripples were present, the absolute 
risk of graft detachment was 22.9% (11/48), the presence 
of any degree of stromal ripples increased this risk to 
57.9% (11/19). Relative risk (RR) of graft detachment in 
patients with posterior stromal ripples at AS- OCT was 
2.52 (p = 0.006).

3.6.2 | Partially detached grafts

We calculated the risk of graft detachment worsening 
for grafts showing detachments involving ≤1/3 or >1/3 
of the axial surface area and in the presence or absence 
of moderate/severe stromal ripples. Results on RW 
and RR are shown in Table 1. Evaluation of the com-
bined risk of worsening when posterior stromal ripples 
(moderate/severe and mild/none) and detachment axial 
extension (≤1/3 and >1/3 of the graft surface area) are 
analysed together in partially detached grafts is also 
shown in Table 1.

4 |  DISCUSSION

Descemet’s membrane endothelial keratoplasty graft 
detachment represents an important challenge in 
DMEK surgery, and early identification and treat-
ment of those detachments that show worsening over 
time are essential to improve visual outcomes (Deng 
et al., 2018); (Dirisamer et al., 2012); (Yeh et al., 2013). 

Although some DMEK graft detachments may still 
improve at 6  months without repeated intracameral 
air injections (Yeh et al.,  2013), only specific types of 
graft detachments, like laminar detachments, show a 
tendency to spontaneously reattach to the host stroma 
over time. Conversely, other types of graft detach-
ments, such as peripheral rolls, do not show the same 
tendency (Bucher et al., 2015). Our study aimed at iden-
tifying those AS- OCT factors predictive of detachment 
worsening over time. Our results showed that posterior 
stromal ripples and detachment axial extension were 
associated with a higher risk of graft detachment re-
quiring re- bubbling. Furthermore, in DMEK with ap-
parent graft attachment in the early postoperative time, 
the presence of posterior stromal ripples was associ-
ated with a greater risk of subsequent graft detachment 
together with recipient age, phaco- combined surgery 
and time at which AS- OCT was performed. Lastly, 
posterior stromal ripples, detachment axial extension, 
degrees of detachment involvement, peripheral roll- in 
shape and the presence of air in the AC proved to be 
risk factors for graft detachment worsening over time.

Previous studies have already explored the role of 
some of these variables in increasing the risk for graft 
detachment. Axial extension of graft detachment was 
highlighted as a risk factor for graft detachment at 
6 months (Yeh et al., 2013); (Dirisamer et al., 2012). In 
2013, Yeh et al., 2013. evaluated the predictive role of 
graft detachment seen at the AS- OCT performed at 
1 h, 1 and 3 months after surgery. In their study, mini-
mal peripheral graft detachments were included in the 
definition of completely attached grafts, whereas par-
tially attached grafts were divided into those involving 
<1/3 or >1/3 of the graft surface area. Interestingly, they 
found that graft appearance at 1 h after surgery had the 
greatest predictive value in determining graft attach-
ment at 6 months. Specifically, detachments at 1 h cor-
related in 75% of cases with detachments at 6 months, 
while grafts attached at 1 h were attached at 6 months 
in 96% of cases. Their study also showed that detach-
ments involving >1/3 of the graft surface area noted at 
1  week, correlated with detachments at 6  months in 
only 31% of cases, and only when this finding was asso-
ciated with detachment at 1 h, the risk of the graft re-
maining detached was 75% (Yeh et al., 2013). Although 
their indication was to examine the 1- h and 1- week 
AS- OCT together, performing an AS- OCT 1  h after 
surgery might not be a feasible option in many centres. 
In addition, while our data on detachments at a mean 
of approximately 3 days after surgery were similar to 
those found at 1 week in their study, with 46% of grafts 
showing complete attachment (versus 49%), 32% show-
ing detachment in less than 1/3 of the graft surface area 
(vs 17%) and 22% showing larger detachments (vs 33%), 
we found a much higher rate of worsening over time in 
cases of large detachments (81% vs. 31% in their study) 
(Yeh et al., 2013).

Also recipient age (Oellerich et al.,  2017); (Parker 
et al.,  2020), phaco- combined procedures (Leon 
et al., 2018); (Gundlach et al., 2015) and peripheral roll- in 
shape were already associated with the risk of graft de-
tachment (Bucher et al., 2015).
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A new and interesting finding of our study was the 
association of posterior stromal ripples with the risk of 
graft detachment requiring re- bubbling, risk of worsen-
ing previously attached grafts and risk of detachment 
worsening over time. Not only was the presence of stro-
mal ripples noted in those grafts that were initially at-
tached and detached at subsequent follow- up, but the 
presence of moderate/severe stromal ripples was also 
found to overcome the protective role of detachment 
extension of ≤1/3 of the graft surface area, resulting in 
detachment worsening.

In other words, when moderate/severe stromal ripples 
were present, the risk of smaller graft detachment wors-
ening was equal to the risk of larger detachments (80% 
and 71.4% for detachment of ≤1/3 or >1/3, respectively). 
For detachments involving less than 1/3 of the graft sur-
face area and not involving the visual axis, Dirisamer 
et al. suggested waiting for spontaneous corneal clear-
ance (Dirisamer et al.,  2012); we found this to be true 
only in cases with no moderate/severe stromal ripples. 
Consequently, when posterior stromal ripples are pres-
ent, patients should be monitored more closely and man-
aged on an individual basis as is the case with larger graft 
detachments, taking into account surgeon and patient 
preferences (Dirisamer et al., 2012).

What causes the stromal ripples to be present is still 
unclear. One study previously analysed the presence of 
corneal striae in various corneal diseases and in normal 
corneas (Grieve et al., 2017). Striae were observed in 82% 
of all corneas with at least one of the imaging modalities 
used in the study and in 38% of cases analysed with OCT. 
They identified corneal striae as ondulations in contin-
uous lamellae mainly composed of collagen VI, lumican 
and keratocan, departing from the Descemet membrane 
and ending in the mild or anterior stroma. Although 
present at all corneal hydration levels, stromal hydration 
made them more visible (Grieve et al., 2017). If stromal 
ripples coincided with corneal striae, we would have ex-
pected them to be associated with the reason for graft-
ing (higher frequency in BK), while our study did not 

find their presence to be associated with it. One might 
speculate they may be due to stromal oedema. Indeed, 
in our study, stromal ripples were associated with CCT. 
However, whether they appear first and lead to a prob-
lem with graft attachment and subsequent increase in 
CCT or they are a consequence of subclinical detach-
ment, therefore of higher CCT in areas of apparent graft 
attachment is still not known. It is known that keratan 
sulphate (a major constituent of the posterior stroma) 
has a great capacity to absorb fluid, therefore, overhy-
dration during surgery, leading to stromal ripples, could 
alter the negative imbibition pressure that normally facil-
itates graft adherence. Keratan sulphate also has the ca-
pacity to quickly loose the absorbed water, which is why 
oedema resolves quickly when endothelial pump func-
tion restarts after graft attachment (Edelhauser, 2006); 
(Costagliola et al.,  2013). Unfortunately, we were un-
able to assess if posterior stromal ripples were present 
before surgery making them a preoperative risk factor 
for DMEK graft detachment, or if increased preopera-
tive CCT was associated with their appearance, making 
them a consequence of high CCT, since most of our pa-
tients did not perform an AS- OCT immediately prior to 
surgery. In addition, no association was found between 
the presence and severity of stromal ripples and surgi-
cal time. However, we acknowledge that given the retro-
spective nature of the study, the only available surgical 
time was from entrance to exit theatre. This does not re-
flect the time of each surgical step. We might speculate 
that the time between recipient DM removal and donor 
tissue positioning could be more important in determin-
ing the level of stromal hydration, thus influencing the 
appearance of postoperative posterior stromal ripples. 
Further studies are needed to better understand how, 
why and when they develop and if any preoperative fac-
tors, such as corneal thickness or appearance immedi-
ately before surgery, or intraoperative factors, such as 
time of each surgical step or use of air, OVD or BSS, 
can predict their development. Should they be associ-
ated with preoperative stromal thickness, preoperative 

F I G U R E  4  Flowchart showing the risk of worsening DMEK graft attachment over time based on the presence of stromal ripples and on 
detachment axial extension.
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corneal deturgescence might reduce the risk of graft 
detachment.

The presence of air in the AC was surprisingly found 
to be associated with the risk of worsening over time. 
Longer air tamponade should be associated with de-
creased risk of graft detachment worsening over time. 
However, this likely represents the consequence of a 
limitation of our study, which is the different AS- OCT 
timing for our patients. Patients with earlier AS- OCT 
scans also had more frequent air left in the anterior 
chamber. Although earlier scans resulted associated 
with the risk of worsening only for previously attached 
grafts, the association between timing and air in the 
AC might have decreased its significance in other 
analyses.

Less conclusive and less easy to interpret were our 
results regarding the degree of detachment extension. A 
higher degree of extension of graft detachments was as-
sociated with the risk of worsening the detachment over 
time in the generalized linear model; however, in the 
group- by- group comparison of graft showing stability/
improvement and worsening, it was not differently dis-
tributed, leading us to believe it might have a role only 
when combined with other parameters. Further studies 
are needed to clarify these points, ideally with the aid 
of artificial intelligence (AI) for more precise and faster 
measurements of graft detachments and their progression 
over time (Heslinga et al., 2020); (Hayashi et al., 2020).

There are limitations to our study, predominantly due 
to its retrospective nature. The timepoint of AS- OCT was 
not the same in all patients. However, this might reflect 
situations that are often encountered in daily practice, 
where patients might be given follow- up appointments 
at different time points. Also, all cases included in our 
study received air in the AC at the end of the surgery. 
Siebelmann et al. showed that the frequency and exten-
sion of graft detachment at any time point were greater 
with air tamponade compared with SF6 (Siebelmann 
et al., 2018); therefore, we are unable to determine if the 
findings of the present study can be applied to DMEK 
with SF6 gas injection.

Overall, the detachment rate in our study was high, 
reaching values up to 54% of grafts at first follow- up. 
However, as mentioned in the methods section, even very 
small areas of detachment were considered detached 
grafts as the aim was to follow their evolution over time, 
thus making this value not comparable with previous 
studies where different definitions of detached grafts 
were used. More than 1/3 axial extension at an average 
of approximately 3 days after surgery affected only 22% 
of eyes, which is in between the 9% and 33% rate of de-
tachments involving >1/3 of the graft surface area found 
by Yeh t al at 1 h and 1 week postsurgery, respectively. 
(Yeh et al., 2013).

Despite limitations, we believe results from our study 
increase our knowledge of the natural history of graft 
detachment and provide new useful information, which 
can assist corneal surgeons in predicting DMEK graft 
detachment progression over time, especially in cases 
where AS- OCT at 1 h after surgery is not feasible.

To summarize, the flowchart below highlights the 
risk of worsening DMEK graft attachment over time 

in both attached and partially detached grafts based 
on the presence of stromal ripples and on detachment 
axial extension. We believe this scheme could be help-
ful in identifying which patients should be given regu-
lar or closely monitored follow- up based on their risk 
of worsening over time and highlight that when mod-
erate/severe posterior stromal ripples are present, the 
risk of DMEK detachment worsening is invariably high 
(Figure 4).

Further studies using AI might help us in exactly de-
fining the area and type of detachment to further im-
prove our abilities to predict the detachment progression 
over time and to assist in making a timely clinical deci-
sion regarding if and when to re- bubble.
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