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Femtosecond laser deep lamellar keratoplasty
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We	 aimed	 to	 develop	 a	 novel	 and	 effective	 technique	 for	 creating	 a	 smooth	 deep	 lamellar	 dissection	 of	
the	cornea	using	a	 femtosecond	 (FS)	 laser	 for	deep	anterior	 lamellar	keratoplasty	 (DALK),	we	conducted	
a	 retrospective eye	 bank	 study.	 Thirteen	 fresh	 human	 corneas	 were	 mounted	 on	 an	 artificial	 anterior	
chamber,	 and	 deep	 lamellar	 cuts	 were	made	 with	 a	 500‑kHz	 VisuMax	 FS	 laser	 at	 a	 level	 of	 50–80	 μm 
anterior	to	the	Descemet’s	membrane	(DM).	A	posterior	diameter	of	8	mm	with	a	side	cut	angle	of	110°	was	
used	for	the	anterior	penetrating	side	cut.	The	anterior	lamellar	tissue	was	bluntly	dissected.	The	residual	
posterior	stromal	beds	and	side	cuts	were	examined	with	microscopy	and	intraoperative	optical	coherence	
tomography	(OCT)	and	post‑cut	endothelial	cell	evaluations.	All	corneas	revealed	a	smooth	residual	posterior	
stromal	bed	without	any	visible	irregularities	or	ridges	by	microscopy	and	OCT	imaging.	Six	corneas	were	
suitable	 for	post‑cut	 endothelial	 cell	 evaluation	2	days	after	 laser	 cut,	with	no	 significant	 endothelial	 cell	
loss	post‑laser	and	blunt	dissection	of	the	posterior	stroma.	FS	laser	deep	lamellar	keratoplasty	utilizing	an	
ultrafast	laser	to	produce	a	smooth	deep	stromal	dissection	followed	by	blunt	dissection	and	removal	of	the	
anterior	stromal	tissue	yields	a	consistent	and	smooth	residual	stromal	bed.	The	creation	of	a	smooth	lamellar	
dissection	in	the	deep	posterior	cornea	may	result	in	more	consistent	DALK	without	the	need	for	air 	bubble	
or	manual	baring	of	DM	that	has	the	risk	for	DM	perforation.
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Evolution	of	corneal	 transplantation	has	 led	to	anterior	and	
posterior	 lamellar	 surgeries	 that	 selectively	 target	diseased	
portions	of	the	cornea.	Lamellar	keratoplasties	such	as	Descemet’s	
stripping	 automated	 endothelial	 keratoplasty	 (DSAEK),	
Descemet’s	membrane	endothelial	keratoplasty	(DMEK),	and	
deep anterior lamellar keratoplasty (DALK) are now widely 
used	in	place	of	traditional	penetrating	keratoplasty	(PK)	for	
dealing	with	a	wide	range	of	corneal	pathology.

Initially	described	by	Anwar	 and	Teichmann	 in	 2002,[1] 
the	“big‑bubble”	technique	for	DALK	has	been	the	mainstay	
for	 separating	 the	stroma	 from	Descemet’s	membrane.	This	
technique	has	 improved	 corneal	 tissue	utilization	globally	
due	to	 less‑stringent	endothelial	count	requirements.[1,2] The 
main	obstacle	 to	universal	 acceptance	 and	 conversion	has	
been	 the	 surgical	 difficulty	 and	 the	 unpredictable	 rate	 of	
Descemet’s	membrane	(DM)	perforation	during	the	big‑bubble	
procedure.[3,4] Many surgeons have adopted a deep anterior 
hand	dissection	in	cases	where	full	baring	of	DM	is	unattainable.	
Visual	outcomes	of	these	cases	have	been	suboptimal	mainly,	
in	part,	due	to	the	irregular	lamellar	interface	quality	produced	
by	hand	dissections.[5,6]

The	advent	of	femtosecond	(FS)	laser	technology	in	corneal	
surgery	has	allowed	surgeons	to	produce	cuts	not	possible	with	

manual	techniques.	The	refractive	surgeons	were	the	first	to	
benefit	from	the	precision	of	the	FS	lasers.	The	smooth	surface	
of	the	lamellar	flap	cut	in	laser in situ keratomileusis (LASIK) 
has	significantly	 improved	the	reproducibility	and	safety	of	
the	procedure.[7‑9]	Furthermore,	the	anterior	lamellar	cut	results	
in	a	smooth	stromal	bed	that	does	not	limit	the	visual	acuity	
and	optical	quality.[10,11]	 Thus,	many	 corneal	 surgeons	have	
adopted	the	FS	laser	anterior	lamellar	keratoplasty	procedure	
with	success	and	have	obtained	excellent	optical	outcomes.[12,13]

Earlier	studies	attempted	to	replicate	the	same	smooth	cut	
in	the	posterior	lamella	of	the	cornea	using	the	FS	laser.[14‑16] 
However,	 the	 inherent	 loose	 lamellar	 collagen	fibers	of	 the	
posterior	stroma	present	a	significant	challenge	to	producing	
acceptable	smooth	cuts	that	would	mimic	deep	cuts	made	by	
a	microkeratome.	Scanning	electron	microscopy	(SEM)	images	
of	deep	 stromal	 cuts	made	by	 the	FS	 laser	have	 shown	an	
irregular	and	rougher	appearing	surface	with	the	appearance	
of	 concentric	 peripheral	 rings.[17‑22]	Additionally,	 there	 are	
controversial	 findings	 regarding	 endothelial	 damage	with	
higher	energy	settings	at	deeper	layers.

The	following	eye	bank	study	illustrates	an	FS	laser	deep	
posterior	lamellar	corneal	cut	that	closely	resembles	the	smooth	
cut	made	in	the	anterior	cornea	by	using	an	ultrafast	FS	laser	
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with	 lower	 energy	and	 closer	 set	 spot	 size	 and	 separation.	
Continued	studies	of	this	technique	may	prove	useful	in	both	
DALK as well as in donor tissue preparation for endothelial 
keratoplasty	(EK).

Surgical Technique
Laser parameters
The	500‑kHz	VisuMax	FS	laser	(Carl	Zeiss	Meditec	AG,	Jena,	
Germany)	was	 set	 at	 the	 lamellar	 keratoplasty	mode.	 The	
pachymetry	was	selected	to	create	a	posterior	stromal	bed	with	
a	residual	stromal	thickness	(RST)	of	either	50	μm (n	=	6)	or	
80	μm (n	=	7).	A	diameter	of	8	mm	with	a	side	cut	angle	of	110°	
was	used	for	the	anterior	penetrating	side	cut.	The	lamellar	cut	
was	made	in	a	spiral	pattern	with	spot	and	track	spacing	at	3.0	
and	a	spot	energy		of	300	nJ.

Operative technique
Fresh	human	corneas	(n	=	13)	obtained	from	CorneaGen	(Seattle,	
WA,	USA)	were	mounted	 on	 artificial	 anterior	 chambers.	
A	500‑kHz	VisuMax	FS	laser	was	used	to	perform	deep	stromal	
lamellar	dissection	cuts.	Ultrasound	pachymetry	(model	5100c;	
DGH	Technology,	Exton,	PA,	USA)	was	used	to	determine	the	
pre‑cut	central	corneal	thickness,	and	the	posterior	lamellar	cut	
was	set	for	an	RST	of	50	or	80	μm.	Following	the	deep	lamellar	
cut,	a	straight	side	cut	to	the	surface	was	made	at	a	diameter	of	
8	mm	which	would	then	allow	separation	and	removal	of	an	
anterior	stromal	cap,	thereby	leaving	the	deep	posterior	stromal	
bed	exposed	for	evaluation.	Following	laser	treatment,	a	blunt	
hook	dissector	was	used	to	separate	the	side	cut	and	find	the	
posterior	lamellar	dissection	plane.	Gentle	peeling	and	removal	
of	the	anterior	corneal	button	was	then	performed	to	expose	
the	 posterior	 stromal	 dissection	plane.	Optical	 coherence	
tomography	(OCT)	imaging	was	taken	throughout	resection	of	
the	anterior	button	to	ensure	complete	removal	of	loose	tissue	
overlying	the	new	stromal	bed.

Posterior stromal bed evaluation
The	posterior	stromal	dissection	plane	was	assessed	during	and	
after	corneal	button	removal	by	microscopy	and	intraoperative	
OCT	 (RESCAN),	 integrated	 to	 a	 Lumera	 700	 (Carl	 Zeiss	
Meditec,	 Inc,	Dublin,	 CA,	USA).	Analysis	 of	 images	was	
performed	by	an	experienced	cornea	specialist	 to	assess	 for	
aberrations,	appropriate	depth	of	incision,	and	integrity.

Endothelial cell evaluation
The	 corneas	were	 sent	 back	 to	 the	 eye	bank	 for	post‑laser	
and	dissection	 endothelial	 cell	 evaluations.	Due	 to	 a	 2‑day	
delay	between	the	procedure	and	endothelial	cell	evaluation,	
only	 six	of	 the	13	 corneas	were	 suitable	 for	 endothelial	 cell	
density	(ECD)	evaluation.	The	other	seven	corneas	were	too	
edematous	 to	obtain	ECD	and	scan.	Pre‑	and	post‑laser‑cut	
and	dissected	corneas	were	all	evaluated	for	ECD	using	the	
CellChek	D	specular	microscope	(Konan	Medical,	Irvine,	CA,	
USA).

Results
Corneas	treated	with	500	kHz	VisuMax	FS	laser	had	an	RST	
ranging	 from	50	 to	 80	μm.	All	 corneas	were	 treated	with	a	
spot	 energy	of	 300	nJ.	The	posterior	diameter	was	 set	 and	
remained	at	8	mm,	while	the	anterior	diameter	ranged	from	
8.28	to	9.12	mm	due	to	a	110°	side	cut	angle	and	it	varied	based	
on	pachymetry.	Treated	corneas	had	an	original	pachymetry	

ranging	from	503	to	734	μm.	There	was	no	significant	difference	
in	the	demographic	characteristics	of	the	human	donor	corneas.	
After	 blunt	dissection	 and	 removal	 of	 the	 anterior	 stromal	
button,	microscopy	of	 the	 residual	 stromal	 bed	 revealed	 a	
smooth	dissection	without	posterior	 irregularities,	 ridges,	or	
concentric	peripheral	 rings	 [Fig.	1].	OCT	imaging	was	 taken	
throughout	resection	of	the	anterior	button	to	ensure	complete	
removal	of	the	loose	tissue	overlying	the	new	stromal	bed.	Still	
images	of	OCT	were	captured	at	various	sites	of	the	stromal	bed.	
Analysis	of	OCT	imaging	showed	smooth	stromal	beds	with	
minimal	aberrations,	occasional	wisps	of	 torn	stroma	on	the	
top	of	a	smooth	stromal	bed,	and	clear‑angled	side	cuts	[Fig.	1].

Endothelial	 cell	evaluation	pre‑	and	post‑laser	and	blunt	
dissection	revealed	no	significant	endothelial	cell	loss	(n	=	6).	
Average	pre‑laser	ECD	was	 2229	 and	post‑laser	ECD	was	
2313	(P	>	0.05)	[Table	1].

Discussion
FS	laser	technology	has	made	major	contributions	to	the	field	
of	corneal	keratoplasty.	Customized	trephination	patterns	such	
as	the	zigzag	technique	have	been	useful	in	improving	visual	
recovery	time,	astigmatism,	and	higher‑order	aberrations.[23‑26] 
Attempts	 to	make	a	 lamellar	 laser	pass	 in	 the	deep	 stroma	
to	 replace	 the	big‑bubble	 technique	 for	DALK	have	posed	
challenges.	The	 same	gas	 bubbles	 that	 cause	 the	harmless	
opaque	bubble	layer	(OBL)	in	LASIK	flap	creation	can	more	
easily	migrate	vertically	in	the	posterior	cornea,	and	high‑energy	
pulses,	therefore,	create	an	irregular	dissection	plane.[27] The 
ridged,	irregular	interface	can	scatter	light,	degrading	optical	
performance	and	visual	acuity.	In	this	study,	we	demonstrate	
that	the	more	modern	ultrafast	and	lower‑energy	FS	lasers	can	
now	be	an	effective	method	to	produce	smooth	dissection	by	
confining	the	gas	expansion	through	low‑energy	pulses.

The	 results	 show	 the	 feasibility	 of	utilizing	FS	 laser	 for	
complete	 resection	 of	 the	 anterior	 portions	 of	 the	 cornea	
while	maintaining	a	smooth	stromal	surface	for	better	visual	
outcomes.	 The	 13	 corneas	 that	 underwent	 resection	with	
VisuMax	FS	laser	yielded	no	perforations	in	DM,	which	can	
significantly	 improve	 the	perforation	percentages	 found	 in	

Table 1: Cornea characteristics and pre- and post-ECD

Cornea Donor 
age/sex

Original 
pachymetry

Pre-ECD Post-ECD

1 62/F 584 2045 Unable

2 69/M 503 2096 1815

3 70/M 620 2415 2778

4 63/M 592 2882 Unable

5 57/M 581 1616 1764

6 69/M 574 2849 2506

7 60/M 648 2646 Unable

8 63/M 602 2740 3289

9 59/M 585 2809 Unable

10 60/M 655 2755 Unable

11 55/F 542 2545 Unable

12 49/M 734 3175 Unable
13 57/M 569 1658 1730

ECD=endothelial cell density
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Previous	work	with	FS	 laser	 cuts	 in	 the	deep	posterior	
cornea	has	not	shown	to	be	toxic	to	the	endothelial	cells.[34] Our 
study	similarly	shows	no	significant	difference	in	endothelial	
health	pre‑	and	post‑laser	and	dissection	on	six of	the	13	corneas	
that	were	suitable	for	post‑cut	ECD	evaluation.	As	the	energy	
used	in	these	cases	is	very	low,	there	is	no	significant	observed	
endothelial	damage.

While	investigators	were	quick	to	make	use	of	the	FS	laser’s	
ability	 to	 create	 lamellar	 cuts	 to	prepare	 the	donor	buttons	
for	DSAEK,	initial	results	showed	poorer	visual	outcomes	in	
patients	 receiving	 laser‑cut	 tissue	 in	comparison	 to	patients	
receiving	 standard	 	 penetrating	 keratoplasty	 (PKP).[35] 
Mootha et al.[20]	 showed	a	 smoother	 stromal	bed	 in	 corneas	
cut	with	either	of	 the	 two	tested	microkeratomes	compared	
to	those	cut	with	the	FS	laser.	These	studies,	however,	used	
early	high‑energy,	 slower	FS	 lasers	 to	prepare	 the	DSAEK	
donor	graft.	Recent	studies	are	showing	more	promise	for	FS	
laser‑enabled	posterior	lamellar	keratoplasty.[36] 

Conclusion
Continued	work	with	ultrafast	FS	laser	technology	will	allow	
for	 smoother	 EK	grafts	with	 a	more	 consistent	 thickness.	
Finally,	translation	of	this	technology	into	human	clinical	trials	
with	continued	refinement	of	laser	parameters	is	necessary	to	
assess	the	efficacy	of	this	procedure	in	clinical	practice	for	both	
anterior keratoplasties as well as in donor tissue preparation 
for	posterior	keratoplasties.
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Figure 1: Microscopic and OCT imaging. Selected OCT images 
from three different corneas cut with VisuMax femtosecond laser. 
OCT = optical coherence tomography
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