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Femtosecond Laser–Assisted Deep Anterior
Lamellar Keratoplasty for Keratoconus: Multi-

surgeon Results
KUNAL A. GADHVI, VITO ROMANO, LUIS FERNÁNDEZ-VEGA CUETO, FRANCESCO AIELLO,
ALEXANDER C. DAY, DANIEL M. GORE, AND BRUCE D. ALLAN
� PURPOSE: To compare the clinical outcomes in femto-
second laser–assisted deep anterior lamellar keratoplasty
(F-DALK) to manual non-laser deep anterior lamellar
keratoplasty (M-DALK) for keratoconus in a multi-
surgeon public healthcare setting.
� DESIGN: Single-center, comparative, retrospective
interventional case series.
� METHODS: POPULATION: Consecutive cases of kerato-
conus treated with big-bubble F-DALK from August 1,
2015, to September 1, 2018 and big-bubble M-DALK
from September 1, 2012, to September 30, 2016.
SETTING: Moorfields Eye Hospital, London. OBSERVA-

TIONS: Data on preoperative status, operative details,
intraoperative and postoperative complications, second-
ary interventions, and visual outcomes were archived
on a customized spreadsheet for analysis. MAIN OUTCOME

MEASURES: Rate of intraoperative perforation and conver-
sion to penetrating keratoplasty (PK) and the percentage
of patients, post removal of sutures (ROS), with
corrected distance visual acuity (CDVA) ‡20/40.
� RESULTS: We analyzed 58 eyes of 55 patients who un-
derwent F-DALK and 326 eyes of 309 patients who un-
derwent M-DALK. Intraoperative perforation of
Descemet membrane occurred in 15 of 58 (25.9%) F-
DALK cases compared to 148 of 326 (45.4%) M-
DALK cases (P [ .006). Intraoperative conversion to
PK was carried out in 2 of 58 (3.4%) F-DALK cases
compared to 80 of 326 (24.5%) M-DALK cases (P [
.001). Post ROS, 86.5% of F-DALK eyes had a CDVA
of ‡20/40 (15 ± 7.3 months after surgery) compared to
83.7% of M-DALK eyes (24.9 ± 10.6 months) (P [
.825).
� CONCLUSION: Laser automation of some steps in
DALK for keratoconus may reduce the rate of intraoper-
ative Descemet perforation and the conversion to PK in a
multi-surgeon setting. (Am J Ophthalmol 2020;220:
191–202. � 2020 Elsevier Inc. All rights reserved.)
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K
ERATOCONUS IS ONEOF THE LEADING INDICATIONS

for corneal transplantation worldwide, accounting
for 27% of all corneal transplants in a recent global

survey.1 Penetrating keratoplasty (PK)—full-thickness
corneal transplantation—and deep anterior lamellar kera-
toplasty (DALK)—transplantation of a full-thickness
donor button into a host bed dissected down to the pre-
Descemet layer—are the main contemporary corneal trans-
plantation techniques for keratoconus. Both produce good
results,2 but PK is still more widely performed.1 This is
despite advantages for DALK, including avoiding an
open globe, preserving the host endothelium, and prevent-
ing endothelial rejection.3

Adoption of DALK for keratoconus has been limited by
the technical challenges of deep dissection in the host
cornea and unfavorable data, reflecting the learning curve
in the transition to DALK, in previous transplant registry
publications from Australia and the UK.4,5 Improved tech-
niques for manual pre-Descemet layer dissection6,7 are now
more widely disseminated, and recent results suggest that
visual and early graft survival outcomes for DALK and
PK are now similar.2,8–13 Manual DALK (M-DALK),
using conventional microsurgery, remains technically
challenging, however, particularly in a multi-surgeon
setting. In a review of 357 consecutive cases of DALK for
keratoconus performed by 42 surgeons (31 trainees oper-
ating under supervision) at Moorfields Eye Hospital using
contemporary manual DALK techniques, we found a
45% rate of intraoperative Descemet perforation, with
24% of cases converted to PK.14

Automation, or ‘‘robotic surgery,’’ is a rapidly developing
solution in technically demanding areas of surgery.15,16 In
the context of DALK, optical coherence tomography
(OCT) for accurate preoperative and intraoperativemapping
of corneal dimensions and femtosecond photodisruptors
capable of producing accurately controlled 3-dimensional
cut patterns in the cornea are being combined in a variety
of approaches, with the aim of enhancing the safety and
reproducibility of results in comparison with manual dissec-
tion techniques in DALK for keratoconus.17–30

Here we describe a variation of mushroom-pattern
femtosecond laser–assisted DALK (F-DALK) featuring a
large-diameter (9 mm) anterior cap designed to facilitate
removal of the cone and reduce postoperative astigmatism
191LL RIGHTS RESERVED.
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FIGURE 1. Schematic detail of surgical planning. (A) Schematic showing an 8-point sample of the corneal thickness measured
normal to the surface at 6 mm diameter using optical coherence tomography (Casia SS-1000; Tomey, Nagoya, Japan) with the thin-
nest point highlighted for cut pattern planning in the health record. (B) Schematic of femtosecond laser cut pattern we used in host and
donor corneas based on preoperative optical coherence tomography measurements of the host cornea. All cuts were programmed to
intersect by a minimum of 20 mm.
and a small-diameter (6 mm) optical zone designed to
respect the anatomy of the pre-Descemet layer, which in-
serts into the anterior corneal stroma at 6-8mm diameter.31

We hypothesized that confining deep dissection to within
the diameter of this natural anatomic plane would help
reduce the rate of intraoperative perforation and conver-
sion to PK. Outcomes at 1 year in consecutive keratoconus
cases treated with F-DALK are compared with outcomes
for big-bubble M-DALK in similar cases extracted from
our previously published series.14
METHODS

THE STUDY WAS APPROVED AS A CLINICAL AUDIT PROJECT

by the Moorfields Eye Hospital Clinical Audit and Effec-
tiveness Committee. The tenets of the Declaration of
Helsinki were followed with informed consent for surgery
as part of routine clinical care. The study was a comparative
interventional case series, with retrospective review of case
notes and electronic operating theatre records and anony-
mized archiving of study data.

� INCLUSION CRITERIA: The audit period was August 1,
2015, to September 1, 2018. We identified consecutive
cases of keratoconus listed for F-DALK in the audit period
from an electronic operating healthcare record system
(Open Eyes v1.18, www.openeyes.org.uk). We used an
‘‘intention to treat’’ protocol in which cases converted to
PK were included for study. The indication for surgery
was advanced keratoconus (Amsler-Krumeich stage II,
III, or IV) with poor contact lens tolerance and subjectively
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inadequate spectacle-corrected distance visual acuity
(CDVA).
As a historical control group, we used data from our pre-

viously published study14 of patients undergoing M-DALK
for keratoconus during the period September 1, 2012, to
September 30, 2016. Inclusion criteria were identical in
both the study (F-DALK) and historical control (M-
DALK) cases, but only M-DALK cases performed using
the big-bubble technique were included in this series
from the original publication.

� SURGICAL PLANNING: For F-DALK cases we performed
OCT mapping of the host cornea (Casia SS-1000; Tomey,
Nagoya, Japan) to identify the thinnest point at a 6-mm
diameter around the corneal vertex (Figure 1, A) and esti-
mated the minimum corneal white-to-white dimension by
superimposing an 8-mm slit-lamp beam on the host cornea
in horizontal and vertical meridians. We programmed a
mushroom cut pattern in both donor and host corneas using
the Intralase enabled keratoplasty (IEK) tab of treatment
planning software on an Intralase iFS femtosecond laser
(J&J Vision, Santa Ana, California, USA) using default
energy and spot separation settings throughout.
In the host cornea, we programmed a 6-mm-diameter

posterior side cut and set the maximum depth at the
OCT-measured minimum 6-mm-diameter corneal thick-
ness minus 70 mm. We set the depth of the lamellar ring
cut at the maximum depth of the posterior side cut minus
50 mm (Figure 1, B). We then set the diameter of the ante-
rior side cut at 9 mm for most cases, reducing to 8.7 mm
where the minimum white-to-white measurement was
less than 11 mm. We set a minimum cut overlap of
20 mm in all directions.
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In the donor cornea, we programmed a reciprocal mush-
room cut pattern with reference to the host cut, setting the
anterior side cut diameter at host diameter plus 0.3 mm, the
posterior side cut diameter at 6 mm, and the lamellar ring
cut depth at host depth plus 20 mm to allow for donor tissue
deturgescence post transplantation. We set the posterior
depth of the donor tissue posterior side cut at 900 mm to
ensure clean penetration into the anterior chamber.

Surgical Technique. We performed the host cut initially
under topical anesthetic (proxymetacaine hydrochloride
0.5% and povidone-iodine 5%; Bausch and Lomb UK Ltd,
Kingston-upon-Thames, UK) and cut the donor tissue
once a satisfactory host cut was confirmed. We marked the
anatomic center of the host cornea with a gentian violet
marker and centered the host cut on this mark.

We mounted donor corneal buttons on an artificial ante-
rior chamber (Barron artificial anterior chamber; Katena
Products Inc, Parsippany, New Jersey, USA) using a thin
layer of cohesive ocular viscosurgical device (OVD) to
cover the anterior surface of the artificial chamber mount
and filtered air to bring the chamber to a firm physiological
pressure after the locking ring had been engaged symmetri-
cally over the donor corneal limbus. We irrigated the
epithelial surface of the donor cornea with balanced salt so-
lution (BSS) and dried around the limbus with arrow-tip
surgical sponges to remove excess fluid, leaving a clear im-
age of a thin meniscus during applanation and host cutting.

After the donor cut was completed, we infused culture
medium supplied with the donor tissue gently through
the artificial anterior chamber to expel air from beneath
the donor corneal endothelium. We then covered the
epithelial surface of the cornea with culture medium and
transferred the artificial anterior chamber with the
mounted cornea to a sterile anesthetic tray, covered it
with a sterile plastic galley pot, and wrapped the anesthetic
tray with the protected artificial anterior chamber in a ster-
ile theatre trolley cover for transfer from the laser suite to
the main operation theatre.

After transferring both the patient and the precut donor
corneal button to the operating theatre, we performed sur-
gery under general anesthetic using a variation of the big-
bubble technique described by Anwar and Teichmann6

in which the femtosecond lamellar cut was blunt dissected
and marked 3608 with gentian violet. We then identified
the deep aspect of the posterior side cut with sharp dissec-
tion using a bent 27 gauge needle, and passed a blunt trocar
to dissect as close as possible to Descemet membrane,
before advancing a blunt 27 gauge Fontana cannula
(Surgistar, Vista, California, USA) to the center of the
cornea for air dissection, aiming to form a big-bubble and
dissect down to the pre-Descemet layer in the 6-mm central
optical zone. Following attempted air dissection, we used
the small-bubble technique,32 in which a small bubble is
introduced to the anterior chamber through a paracentesis
and the eye is rolled to ensure that the small bubble remains
VOL. 220 FEMTO-DALK FOR KERATOCONU
visible in the anterior chamber periphery, to determine
whether a big bubble had been achieved. Where a big bub-
ble was present, we proceeded as described by Anwar and
Teichmann6 to expose the pre-Descemet layer using blunt
scissors to clear residual posterior corneal stromal tissue
within the 6-mm zone. Where no big bubble was achieved,
we attempted viscodissection33 with cohesive OVD. If this
too failed, or in cases with air injected directly into the
anterior chamber, we proceeded with layer-by-layer
manual dissection to clear the posterior stroma within
the optical zone. Following host dissection, we peeled the
predissected donor cornea from the mounted corneoscleral
button, removed the donor Descemet membrane with
semi-dry arrow-tip sponges, washed the donor cornea in
BSS, and secured the donor with 16 interrupted 10-0 nylon
sutures or a continuous suture. We injected 1 mL subcon-
junctival cefuroxime (125 mg/mL) and 1 mL betametha-
sone (4 mg/mL) at termination of surgery.
Details of surgical planning for the Manual DALK cases

have been previously described.14 In this series, we only
included cases performed using the big-bubble technique.
Surgeons performed a partial-thickness (350-450 mm)
trephination of variable diameter, between 7.5 and
9.0 mm, using a suction trephine. The size of trephination
was determined according to the size of the cone and the
horizontal corneal diameter, aiming to include the entire
cone within the area of trephination while leaving a min-
imum 1 mm boundary of host cornea over 3608. A 27 gauge
needle or custom air dissection cannula was introduced
into the deep stroma starting at the bottom of the trephina-
tion groove and advanced toward the center of the cornea.
Air was injected progressively into the stroma, with the aim
of achieving the formation of a large air bubble between the
pre-Descemet layer and the overlying stroma. A peripheral
paracentesis was performed to lower the intraocular pres-
sure. Blunt-tipped scissors were used to divide the anterior
stroma into 4 sections, which were then removed, exposing
the pre-Descemet layer. Surgeons secured donor buttons
with 10-0 nylon sutures in a continuous or interrupted su-
ture pattern. At the end of surgery, surgeons attempted to
minimize astigmatism using intraoperative adjustment of
continuous sutures or selective removal and replacement
of interrupted sutures. Surgeons injected subconjunctival
1 mL cefuroxime (125 mg/mL) and 1 mL betamethasone
(4 mg/mL) at termination of surgery (Figure 2, A and B).

� POSTOPERATIVE CARE: In cases of intraoperative perfo-
ration, intensive pupil dilation was followed by an anterior
chamber air fill, which was reduced at termination of sur-
gery to approximately 60%. Patients were checked 1 hour
after surgery prior to discharge to ensure that there was
no pupil block. Patients were then asked to posture face
up to ceiling, when possible, for the 2 days after surgery,
and pupil dilation was maintained for 3 days.
Routine postoperative medication included antibiotic

(chloramphenicol 0.5%) eye-drops 4 times daily for
193S: MULTI-SURGEON RESULTS



FIGURE 2. Postoperative appearance. (A) Early postoperative image of femtosecond laser–assisted deep anterior lamellar kerato-
plasty (F-DALK)with 16 interrupted 10-0 nylon sutures in place. Large white arrow indicates margin of deep 6-mm zone. Small white
arrow indicates margin of 9-mm superficial cap. (B) Postoperative anterior segment optical coherence tomography of mushroom-
pattern F-DALK (Casia SS-1000; Tomey, Nagoya, Japan). Large white arrow indicates superficial lamellar interface. Small white
arrow indicates deep Descemet bearing 6-mm interface.
1 week, and a diminishing regimen of topical steroid medica-
tion—typically dexamethasone 0.1% 1-2 times hourly for
1 week, reducing over 3-6 months after surgery. All patients
were reviewed in the first week after surgery, with a variable
follow-up regimen dictated by clinical progress subsequently.

� OUTCOMEMEASURES: Data were collected by retrospec-
tive review of case notes and electronic patient records in a
customized Excel (Microsoft Corp, Seattle, Washington,
USA) spreadsheet with forced choice entry criteria. Our
primary outcome measures were the rates of intraoperative
perforation into the anterior chamber and intraoperative
conversion to penetrating keratoplasty.

We recorded unaided distance visual acuity (UDVA),
CDVA, and manifest refraction data at the last follow-up
visit before 12 months post surgery (early recovery) and
at final follow-up, together with the number of glaucoma
medications, whether topical steroid medication had
been discontinued (yes/no), and whether all sutures had
been removed (yes/no). We recorded preoperative demo-
graphic details along with any record in preoperative notes
of atopy, hydrops, previous corneal collagen cross-linking,
or intracorneal ring segment implantation. We subcatego-
rized atopy into mild atopy (any history of eczema, asthma,
hay fever, or topical treatment with mast cell degranulation
inhibitors) and severe atopy (any record of topical treat-
ment with cyclosporine A).

Operative details and events we recorded were as fol-
lows: the surgeon career grade (consultant/surgeon in
training); donor punch diameter (mm); host trephination
diameter (mm); intended lamellar dissection technique
(big-bubble/Melles/other); big-bubble result (type I/type
II/no bubble/bubble rupture/air injected in anterior cham-
ber/trephination into anterior chamber); perforation into
the anterior chamber (yes/no); intraoperative conversion
194 AMERICAN JOURNAL OF
to penetrating keratoplasty (yes/no); suture method
(continuous/interrupted); and whether or not donor Desce-
met membrane had been removed.
Early postoperative events we recorded (yes/no) were as

follows: a double anterior chamber (fluid in the lamella
interface between donor and host cornea); Urrets-Zavalia
syndrome (fixed dilated pupil presumed secondary to pupil
block glaucoma); and atopic sclerokeratitis (host-side
inflammation associated with multifocal infiltrates at
points of suture entry and suture loosening).
Postoperative interventions we recorded at any time

point were as follows: any unscheduled increase in topical
steroid medication (transplant rejection14); resuture; air in-
jection into the anterior chamber; the maximum number of
glaucoma medications required for intraocular pressure
control; glaucoma drainage surgery or cycloablation; cata-
ract surgery; repeat corneal transplantation; and refractive
surgery.
In line with Coster and associates,5 we defined graft fail-

ure as irreversible loss of graft clarity or repeat corneal
transplantation.

� DATAANALYSIS: Continuous data are shown as the mean
6 standard deviation (SD). Categorical data are shown as %
throughout, where the percentage denominator is the total
number of available data points in that category. Account-
ability data are shown as n (%), where the percentage de-
nominator is the total number of cases studied.
Accountability was 100% unless specified. We converted
Snellen visual acuities to logMAR values for statistical com-
parisons. We checked normality in this data using the
Shapiro-Wilk test. Two-tailed analyses were used
throughout. For continuous data comparisons, we used the
t test where there were >30 observations in each group.
We used Fisher exact test for comparisons of categorical data.
DECEMBER 2020OPHTHALMOLOGY



TABLE 1. Preoperative Data Presented for Femtosecond Laser–Assisted and Manual Deep Anterior Lamellar Keratoplasty Groups

Variable Definition F-DALK M-DALK

Age Age at time of surgery (years) 28 6 10.1 33.4 6 10.6

Sex Male/female 38/20 210/116

Pachymetry Minimum corneal pachymetry (mm) 348 6 60.8 327 6 74.7

Disease stage Keratoconus (Pentacam) stage II 0 (0%) 8 (2.5%)

Keratoconus (Pentacam) stage III 8 (13.8%) 52 (15.9%)

Keratoconus (Pentacam) stage IV 48 (82.8%) 209 (64.1%)

Not recorded 2 (3.4%) 57 (17.5%)

Co-pathology Diagnosis other than keratoconus affecting

final CDVA

2 (3.4%) 7 (2.2%)

Not recorded 0 (0%) 5 (1.5%)

Hydrops Previous hydrops at preoperative

examination

4 (7%) 16 (4.9%)

Atopy Mild ¼ eczema/asthma/hay fever/

olopatadine treatment

8 (13.8%) 68 (21.1%)

Severe ¼ cyclosporine treatment 3 (5.2%) 7 (2.2%)

Not recorded 0 (0%) 5 (1.5%)

CXL Any form of collagen cross-linking before

grafting

3 (5.2%) 6 (1.9%)

Not recorded 0 (0%) 5 (1.5%)

ICRS Intracorneal ring segments implanted prior

to DALK

2 (3.5%) 4 (1.2%)

Not recorded 0 (0%) 5 (1.5%)

CDVA¼ corrected distance visual acuity; CXL¼ collagen cross-linking; DALK¼ deep anterior lamellar keratoplasty; F-DALK¼ femtosecond

laser–assisted deep anterior lamellar keratoplasty; ICRS ¼ intracorneal ring segments; M-DALK¼manual deep anterior lamellar keratoplasty.
We performed statistical tests in Excel (v15.34 for Mac)
(www.graphpad.com) or SPSS (IBM, version 26 for Mac).
RESULTS

WE IDENTIFIED 58 CONSECUTIVE CASES OF F-DALK

performed for keratoconus in 55 patients within the audit
period (August 1, 2015, to September 1, 2018). In our his-
torical control group, 326 consecutive cases of big-bubble
M-DALK were performed for keratoconus in 309 patients
within the audit period September 1, 2012, to September
30, 2016. We have presented summary data in the
following tables: preoperative data (Table 1) intraoperative
data (Table 2), intraoperative complications (Table 3),
postoperative data (Table 4), and postoperative interven-
tions (Table 5). The follow-up period for F-DALK cases re-
ported here (156 7months) was shorter than forM-DALK
controls (226 11 months). There were no graft failures in
our F-DALK series, and the rejection rate in the follow-up
period was 15.5%.

� PERFORATION AND CONVERSION: In F-DALK cases
intraoperative perforations occurred in 15 of 58 cases
(25.9%). Two cases (3.4%) were converted to PK. Two
eyes (3.4%) developed a double anterior chamber postoper-
VOL. 220 FEMTO-DALK FOR KERATOCONU
atively. The double anterior chamber persisted despite
treatment with postoperative anterior chamber air injec-
tion in 1 case. Descemet membrane was not removed on
the donor cornea intraoperatively in this single case of a
persistent double anterior chamber. This patient had a
clear donor cornea but developed an opaque, fibrotic, de-
tached residual host Descemet membrane, which we
removed in revision surgery. This eye also developed sec-
ondary open-angle glaucoma treated with insertion of a
glaucoma drainage device.
In M-DALK cases intraoperative perforation occurred in

148 of 326 cases (45.4%). Overall, 80 cases (24.5%) were
converted to PK intraoperatively. These included 11 cases
(3.4%) converted electively when no big-bubble was ob-
tained and 69 eyes (21.1%) converted to PK after intrao-
perative perforation. Seventy-nine eyes (24.2%) with
intraoperative perforation into the anterior chamber were
managed without conversion to PK.
In comparison with M-DALK historical control cases,

the intraoperative perforation rate was significantly lower
in F-DALK (P ¼ .006). Both the overall rate of intraoper-
ative conversion to PK (P ¼ .0001) and the rate of intrao-
perative conversion to PK after perforation into the
anterior chamber (P ¼ .014) were also significantly lower
in F-DALK.
Excluding the 4 cases with suspected previous hydrops,

the rate of type 1 big-bubble formation in F-DALK cases
195S: MULTI-SURGEON RESULTS
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TABLE 3. Intraoperative Complications Encountered During Femtosecond Laser–Assisted and Manual Deep Anterior Lamellar
Keratoplasty Surgery

Complication Definition F-DALK M-DALK

Perforation Any perforation into A/C 15 (25.7%) 148 (45.4%)

Conversion to PK Total conversion to PK 2 (3.4%) 80 (24.5%)

Elective conversion to PK 0 (0%) 11 (3.4%)

Perforation converted to PK 2 (13.3%) 69 (21.2%)

A/C ¼ anterior chamber; F-DALK ¼ femtosecond laser–assisted deep anterior lamellar keratoplasty; M-DALK ¼ manual deep anterior

lamellar keratoplasty; PK ¼ penetrating keratoplasty.

TABLE 2. Operative Details and Techniques Used During Femtosecond Laser–Assisted and Manual Deep Anterior Lamellar
Keratoplasty Surgery

F-DALK M-DALK

Surgeon grade

Consultant surgeon 26 (44.8%) 113 (31.7%)

Surgeon in training 32 (55.2%) 213 (59.7%)

Total number of consultants 10 2

Total number of surgeons in training 31 7

Graft diameter

Donor superficial diameter (mm) 9.17 6 0.21 8.22 6 0.25

Host superficial diameter (mm) 8.91 6 0.20 8.07 6 0.24

DALK technique

Big-bubble 58 (100%) 326 (100%)

Donor DM

Removed 56 (96.6%) 122 (37.4%)

Not removed 2 (3.4%) 147 (45.1%)

Not recorded 0 (0%) 57 (17.5%)

Suture method

Continuous 4 (6.9%) 263 (80.7%)

Interrupted 54 (93.1%) 63 (19.3%)

DALK¼ deep anterior lamellar keratoplasty; DM¼ Descemet membrane; F-DALK¼ femtosecond laser–assisted deep anterior lamellar ker-

atoplasty; M-DALK ¼ manual deep anterior lamellar keratoplasty.
was 61.1% (33/54). This was similar (P¼ .77) to the 58.1%
rate observed in M-DALK controls (180/310—excluding
16 cases with suspected hydrops) (Figure 3).

� VISUAL OUTCOMES: Manifest refraction data after
removal of corneal sutures was available in 52 of 58 eyes
treated with F-DALK at final review (15.0 6 7.3 months).
The mean postoperative CDVA was 0.16 6 0.20. CDVA
was >_20/40 in 86.54% (45/52) of eyes. The mean preoper-
ative CDVA in this group was 0.85 6 0.34 (Figure 4).

Corneal suture removal was earlier in our F-DALK case
series than in our manual DALK series. At 12 months, 62%
of F-DALK cases had had sutures removed, whereas only
22% of M-DALK cases had had sutures removed at the
same time point (P ¼ .001).

Manifest refraction data after removal of corneal sutures
was available in 154 of 326 M-DALK eyes at final review
196 AMERICAN JOURNAL OF
(24.9 6 10.6 months). The mean postoperative CDVA
was 0.20 6 0.28. CDVA was >_20/40 in 83.7% (129/154)
of eyes. The mean preoperative CDVA in this group was
0.86 6 0.38 (Figure 5).
Although there was a trend toward improved final post-

operative CDVA after F-DALK, it was not statistically sig-
nificant (P ¼ .21). Similarly, there was no significant
difference in the number of eyes achieving CDVA >_20/
40 (P ¼ .825).

� REFRACTIVEOUTCOMES: The mean refraction spherical
equivalent (MRSE) after suture removal in F-DALK cases
was -3.766 3.67 diopters (D). The mean absolute cylinder
was -5.006 3.76 D. In M-DALK case series, the MRSE af-
ter suture removal was -3.42 6 3.70 D. The mean absolute
cylinder was -4.27 6 2.91 D. MRSE results were similar in
F-DALK and M-DALK. There was a nonsignificant trend
DECEMBER 2020OPHTHALMOLOGY



TABLE 4. Postoperative Complication Data Presented for Femtosecond Laser–Assisted and Manual Deep Anterior Lamellar
Keratoplasty Groups

Complication Definition F-DALK M-DALK

Double A/C Fluid in interface between donor and host

cornea at first postoperative review

3 (5.2%) 32 (9.8%)

Urrets-Zavalier syndrome Fixed dilated pupil at first postoperative

review

0 (0%) 0 (0%)

Atopic sclerokeratitis Host-side inflammatory response in early

postoperative period (often accompanied

by suture loosening) requiring intensive

topical steroids or systemic

immunosuppression

0 (0%) 10 (3.1%)

Raised intraocular pressure Any medical or surgical intervention for

raised intraocular pressure

2 (3.4%) 50 (15.3%)

Infection Any unscheduled treatment with antibiotic,

antiviral, or antifungal drugs

0 (0%) 4 (1.2%)

Graft rejection Any unscheduled increase in topical

steroids to treat epithelial rejection line,

stromal edema, progressive stromal

inflammation

9 (15.5%) 61 (18.7%)

Graft failure Irreversible loss of graft clarity or repeat

corneal transplantation

0 (0%) 12 (3.7%)

A/C ¼ anterior chamber; F-DALK ¼ femtosecond laser–assisted deep anterior lamellar keratoplasty; M-DALK ¼ manual deep anterior

lamellar keratoplasty.

TABLE 5. Postoperative Interventions Performed in Femtosecond Laser–Assisted and Manual Deep Anterior Lamellar Keratoplasty

Eyes During Follow-up

Intervention Definition F-DALK M-DALK

Air injection Any postoperative air injection for a double

A/C

2 (3.4%) 14 (4.3%)

Wound revision Any repeat or revision corneal suture

placement in the operating room

11 (19%) 34 (10.4%)

Glaucoma surgery Any glaucoma filtration surgery 1 (1.7%) 2 (0.6%)

Cataract surgery Cataract surgery performed after

transplantation

1 (1.7%) 9 (2.8%)

Refractive surgery Incisional or excimer laser refractive surgery

after suture removal

4 (6.9%) 16 (4.9%)

Repeat transplantation Any revision corneal transplantation

procedure with new donor material

0 (0%) 11 (3.4%)

A/C ¼ anterior chamber; F-DALK ¼ femtosecond laser–assisted deep anterior lamellar keratoplasty; M-DALK ¼ manual deep anterior

lamellar keratoplasty.
(P ¼ .23) toward worse cylinder outcomes in F-DALK
despite a larger graft diameter (Table 2).
DISCUSSION

OUR DATA SUGGEST THAT IN A MULTI-SURGEON SETTING,

in which over half the surgery is performed under supervi-
VOL. 220 FEMTO-DALK FOR KERATOCONU
sion by corneal fellowship trainees, both the intraoperative
perforation rate and the rate of intraoperative conversion
to PK are reduced by using a variation of F-DALK in which
big-bubble deep dissection is confined within a central 6-
mm optical zone. Visual and refractive results are similar
to those for conventional M-DALK.
A variety of F-DALK techniques has been described over

the last 10 years.18 Early publications from Price and asso-
ciates26 and Farid and Steinert21 in 2009 suggested that
197S: MULTI-SURGEON RESULTS



FIGURE 3. Intraoperative outcomes in 54 consecutive cases (excluding hydrops cases) of femtosecond laser–assisted deep anterior
lamellar keratoplasty (F-DALK) surgery using the big-bubble technique by surgeon grade. A/C [ anterior chamber; Type I [ air
cleavage plane anterior to the pre-Descemet layer; Type II [ air cleavage plane posterior to the pre-Descemet layer.
precise control of dissection depth might increase the rate
of big-bubble formation in big-bubble DALK, and that
wound strength might be enhanced using a modified side-
cut pattern.

Alio and associates,19 using a graded evaluation of scar-
ring at the graft/host junction in slit-lamp examination,
compared eyes treated with mushroom-pattern F-DALK
(n¼ 25) to M-DALK (n¼ 25). They reported significantly
more visible scarring in the F-DALK group, providing indi-
rect evidence of stronger healing.

Alio and associates19 used a mushroom pattern with a 6-
mm central optical zone in big-bubble DALK similar to
ours, but with an 8-mm anterior cap and a target posterior
side cut depth set at 80% of the thinnest pachymetry. They
observed successful big-bubble formation in 80% (20/25) of
F-DALK and 84% (21/25) of M-DALK cases. Operations
were all performed by 2 experienced corneal surgeons. In
F-DALK, we used a 9-mm anterior cap and a target
maximum posterior side cut depth of the thinnest point
at the 6-mm diameter minus 70 mm. This was deeper
than thinnest pachymetry in 94% of eyes. Our big-bubble
formation rate was lower (61.1%) than that observed by
Alio and associates in F-DALK despite a deeper target pos-
terior side cut depth. Our big-bubble formation rate was
similar (58.1%) in M-DALK controls, and we observed
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no differences in bubble formation rates between experi-
enced surgeons and surgeons in training operating under
supervision (Figure 3) in either case series.14

Deeper cannula placement is thought to improve the
rate of big-bubble formation in big-bubble DALK.34,35

These findings suggest that precise definition of vertical
posterior side cut depth in F-DALK may not translate
into precise control of cannula entry depth for air injection.
This may be because the depth within the side cut at which
the surgeons initiate manual dissection for cannula place-
ment remains poorly controlled. The solution offered by
Buzzonetti and associates17 is a femtosecond laser tunnel
cut 100 mm above the thinnest point to control air injec-
tion cannula placement. A big bubble was achieved in 9
of 10 keratoconus patients treated using this F-DALK vari-
ation. A similar femtosecond laser–created tunnel could, in
future, be added to the cut pattern in our technique to help
control the depth of cannula placement prior to air
dissection.
Although femtosecond lasers are capable of cutting any

3-dimensional pattern in the cornea, the current commer-
cially available platforms offer a restricted range of cut
shape variations based on commonly used procedures.
Buzzonetti and associates,17 using the Intralase iFS, needed
a metal mask to shield a ring lamellar cut in order to create
DECEMBER 2020OPHTHALMOLOGY



FIGURE 4. Corrected distance visual acuity (CDVA) at baseline, within 1 year (6-12 months after surgery), and at last follow-up
after removal of sutures (ROS) for manual deep anterior lamellar keratoplasty (M-DALK). Corrected distance visual acuity (CDVA)
at baseline, within 1 year (6-12 months after surgery), and at last follow-up after removal of sutures (ROS) for femtosecond laser–
assisted deep anterior lamellar keratoplasty (F-DALK).
a defined-depth tunnel. More recently, Liu and associ-
ates,25 working with the Ziemer LDV Z8 laser (Ziemer
Ophthalmic System, Port, Switzerland), used built-in
intraoperative OCT guidance and dedicated software to
create a tunnel cut 3 mm in length, 80 mm in width, at a
608 downward angle to the applanated horizontal plane.
The target depth for the end of this tunnel was 50 mm
from the Descemet membrane. They achieved a big bubble
in 14 consecutive cases (11 with keratoconus) of F-DALK.
Further study is needed to see if these promising results can
be replicated.

Although our type 1 big-bubble formation rate was
similar in F-DALK and M-DALK cases, and was not influ-
enced by surgeon experience, the intraoperative perfora-
tion rate and the rate of conversion to PK were both
significantly reduced in F-DALK cases. Confining dissec-
tion to a central 6-mm zone, within the diameter of the
natural anatomic plane between the pre-Descemet layer
and the overlying corneal stroma,31 may reduce the risk
of perforation and make DALK safer. We acknowledge
that a learning effect inherent in study designs using his-
torical control cases may introduce bias. But the magni-
tude of reduction we observed in both the
intraoperative perforation rate (almost twice as low) and
the rate of conversion to PK (7 times lower) compared
with M-DALK suggests a significant clinical gain for F-
VOL. 220 FEMTO-DALK FOR KERATOCONU
DALK. Using mushroom-pattern F-DALK to combine a
small optical zone with a large anterior graft diameter
may have helped move our multi-surgeon results closer
to good results for M-DALK published in single-surgeon
series.14

Recent single-surgeon results from Salouti and associ-
ates29 are particularly striking. They used the Melles tech-
nique14 in bothM-DALK historical controls (n¼ 469) and
2 F-DALK patterns: decagonal (n ¼ 264) and mushroom
(n ¼ 153: 9 mm anterior diameter; 8 mm posterior diam-
eter) created with the Femtec 520F femtosecond laser
(Bausch and Lomb, Munich, Germany). Salouti and asso-
ciates report an intraoperative perforation rate of 1/860.
The depth of dissection was not specified, but CDVA at
1 year (0.17 6 0.12) for their F-DALK cases was similar
to what we report here for a pre-Descemet baring technique
(0.166 0.20), implying a low residual stromal thickness.36

Salouti and associates29 gathered these data over a 10-
year period, and the question of whether such outstanding
safety results are repeatable in multi-surgeon series with
manual lamellar dissection remains open. Dissection ante-
rior to the pre-Descemet layer may enhance safety and pro-
vide greater protection from late traumatic wound
dehiscence with little long-term detriment to visual results,
provided the residual stromal bed thickness is <_80 mm.36

But automating the creation of a uniform, smooth deep
199S: MULTI-SURGEON RESULTS



FIGURE 5. Corrected distance visual acuity (CDVA) at baseline, within 1 year (6-12 months after surgery), and at last follow-up
after removal of sutures (ROS) for manual deep anterior lamellar keratoplasty (M-DALK).
stromal interface anterior to the natural anatomic plane of
the pre-Descemet layer in keratoconus is technically chal-
lenging.37 Combinations of F-DALK with excimer laser
phototherapeutic keratectomy (PTK) smoothing27 and
excimer laser DALK with no prior femtosecond laser
dissection38 have been described. Although the focus of
recent F-DALK research has been increasing the rate of
big-bubble formation, novel solutions for the automation
of other deep-dissection techniques merit further
investigation.

Astigmatic results were not improved by F-DALK in our
series despite a larger (9 mm) graft diameter. This may be
Table 6. Summary of Studies of Femtosecond Assisted DEEP An
Published Since 2015. CDVA and Absolute Mean Cylinde

Study Type n Laser Model Appl

Alio et al 201517 Single-surgeon 25 Intralase iFS F

Li et al 201621 Single-surgeon 94 Wavelight FS200 F

This study Multi-surgeon 58 Intralase iFS F

Espandar et al 201618 Single-surgeon 24 Femtec 520F Cu

Salouti et al 201927 Single-surgeon 109 Femtec 520F Cu
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because the iFS femtosecond laser uses a glass interface
with flat applanation. Flat applanation of an irregular
ectatic cornea induces distortion, creating a noncircular
anterior side cut. There is a trend toward reduced astigma-
tism in F-DALK studies using lasers with a curved inter-
face19,20,23,29,30 (Table 6), for which the applanation
effect is similar to that produced inM-DALK by the Hanna
trephine (Moria SA, Antony, France), featuring a curved
central obturator. Liquid-interface femtosecond lasers
should eliminate applanation distortion, but they are not
currently packaged with the software capabilities required
to optimize F-DALK.
terior Lamellar Keratoplasty (DALK) for Keratoconus (n > 20)
r Are as Recorded After Removal of Corneal Sutures

anation Diamter (Cut Pattern) Mean Cylinder CDVA

lat 8 mm (Mushroom) 5.43 6 NR 0.26 6 NR

lat 8.2 mm (Button) 5.35 6 1.73 0.08 6 0.07

lat 9.17 6 0.21 (mushroom) 5.00 6 3.76D 0.16 6 0.20.

rved 9.25 mm (Decagonal cut) 1.82 6 0.67 0.26 6 0.16

rved 9.3-9.5

(Mushroom or Decagonal)

1.43 6 1.08 0.09 6 0.09
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Informal observations from our F-DALK case series that
may be helpful to other surgeons include the following.
During donor preparation, filling the artificial anterior
chamber with air makes flat applanation at a controlled
supraphysiological pressure easier. This is because, gas
(air) is compressible, whereas liquids (BSS, culture me-
dium, or OVD) are not. Drying excess fluid with arrow-
tip disposable surgical sponges after donor cornea
mounting by applying the sponges around the edge of
the cornea assists in ensuring that a thin meniscus is
clearly visible to demarcate the edge of the applanation
zone. Communication with the eye bank supplying tissue
to request that small corneas or corneas with prominent
corneal arcus are avoided helps to reduce problems with
completeness of femtosecond dissection. In the postoper-
ative period, suture loosening requiring revision in the
operating room occurred in some early cases with a single
running continuous 10/0 nylon suture. This may be a
vulnerability in larger (9 mm) grafts in which suture
placement is closer to the limbus for many cases. We
switched to the use of interrupted sutures to reduce the
frequency of readmission. Although we had no graft fail-
VOL. 220 FEMTO-DALK FOR KERATOCONU
ures in the F-DALK series, as with M-DALK, postopera-
tive transplant rejection episodes were common and
were often associated with poor compliance with medica-
tion or early cessation of steroids (Table 4). We and other
authors4,5,12,14,39 have observed that rejection episodes in
DALK are unusual after the first 2 postoperative years.
Based on this, we would recommend continuing low-
dose topical steroids for 2 years after surgery.
Our results suggest that reducing the diameter of the

zone of deep dissection to 6 mm using mushroom-pattern
F-DALK may reduce the risk of intraoperative anterior
chamber perforation and conversion to penetrating kerato-
plasty in a multi-surgeon setting. A larger graft may help to
protect from late peripheral ectasia but did not reduce post-
operative astigmatism where flat applanation was used in F-
DALK.
M-DALK is a difficult operation to perform with consis-

tent good results. Continued development of systems to
automate controlled access to the pre-Descemet layer and
enhance cut precision in DALK for keratoconus will help
to make optimized outcomes less dependent on individual
surgical ability.
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