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 Femtosecond laser (FL) has become a common tool in corneal surgery during the last years. 
The first clinical application of FL in ophthalmology was in refractive surgery for the cutting of su-
perficial cornea flaps in transparent corneas. Recently, FL applications have been extended to pene-
trating and anterior or posterior lamellar corneal grafts. However, commercially available FL in 
ophthalmology have already shown limitations in these new applications, particularly in oedema-
tous cornea (secondary to corneal diseases or occurring during storage by eye banks) that cause light 
scattering during stromal crossing. In order to improve these cuts, knowledge on the biological ma-
terial, namely corneal stroma, is essential. Moreover, collagen organization of anterior corneal stro-
ma is more compact compared to the posterior one, but the influence of these structural differences 
on the cut has never been studied. In this work, we compared ablation rates (ARs) in anterior and 
posterior human corneal stroma, isolated from the rest of the cornea by mechanical dissection in or-
der to eliminate the scattering effect. ARs were quantified using Second Harmonic Generation mi-
croscopy. Results showed significantly higher ARs in posterior corneal stroma (+23±12% 
(mean±SD); P=0.0038). Previously reported limitations to cut the posterior stroma with FL can 
therefore not be explained by the difference in collagen organization but by the optical scattering 
during stromal crossing. 

Keywords: cornea, femtosecond laser, ablation rate, second harmonic generation, stroma, graft, 
human, eye banks

1. Introduction 
Femtosecond laser has become a common tool in cor-

neal surgery during the last years, combining high preci-
sion ablation and minimal collateral tissue damage [1, 2].  
The first clinical application of femtosecond laser (FL) in 
ophthalmology was in refractive surgery (LASIK : laser in 
situ keratomileusis) for the preparation of cornea flaps [3] 
and had recently been extend to penetrating and lamellar 
keratoplasty [4], intracorneal ring segments implantation in 
keratoconus eyes [5] and cataract surgery [6]. 

However, commercially available FLs in ophthalmolo-
gy have already shown limitations in some applications, in 
particular in oedematous cornea (pathologic or stored by 
eye banks). Experimental and clinical investigations of 
deep lamellar and penetrating graft in oedematous corneas 
have often shown bad quality dissections, with the presence 
of numerous remaining tissue bridges [7, 8]. 

In order to improve dissections in the stroma, 
knowledge of the dissected biological material and a best 
ablation process control are essential. The human cornea is 
a complex tissue made of different layers. The stroma, cen-
tral layer mainly made of collagen fibrils and water, repre-

sent more than 90% of the whole corneal thickness. Colla-
gen fibril organization and hydration in stroma are not ho-
mogeneous. Anterior stroma owns a complex collagen fiber 
branching patterns, which decrease logarithmically to pos-
terior direction [9, 10]. Transverse shear moduli decrease in 
the same way from anterior to posterior stroma [11]. Im-
pact on corneal ablation threshold (AT) of pulse duration 
[12, 13], wavelength [14] and depth [15] has already been 
studied. These works show a decrease of AT with diminu-
tion of pulse duration and wavelength and no significant 
dependence with depth on AT in the first 200µm of anteri-
or stroma. Moreover, no systematic studies of the ablation 
rate (AR) have been done on cornea despite the wide use of 
FL in ophthalmology. 

 In the this work, we report a systematic study of AR on 
anterior and posterior stromal surface, using a mechanical 
microkeratome preparation of tissue samples and imaging 
by Second Harmonic Generation (SHG) microscopy.  
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2. Experimental set-up 

2.1 Samples preparation 
Four human corneal grafts unsuitable for transplanta-

tion for serological reasons have been prepared with a me-
chanical microkeratome (Moria, Antony, France). Initially 
stored in a commercially organoculture medium (Corne-
aMax, Eurobio, les Ulis, France) corneas were transferred 
in a deswelling medium (CorneaJet, Eurobio) 24h before 
the cut. Using microkeratome, a lamellar cut from anterior 
side has been performed at two different depths: 50µm for 
anterior stroma study and 350µm for posterior stroma study 
(see figure 1-A). This preparation was intended to prevent 
the interference between the incident laser and the other 
corneal layers. The remaining corneas were stored for 24h 
in deswelling medium until the laser processing. 
 
2.2 Laser processing 

The laser source was an ultrafast laser system deliver-
ing 150fs pulses (800 nm) at 5 kHz frequency (Bright, Tha-
les, Paris, France). A 7mm diaphragm was used with a 20X 
long working distance objective. The resulting waist was 
4.8±1.2µm (measured with a beam profiler). 

Grooves were realized in the remaining stroma after 
microkeratome cut (figure 1-B) by moving the sample ac-
cording Y on a XYZ translation stages (Schneeberger, 
Roggwil, Switzerland), Z being the laser propagation axis. 
Different pulses number were obtained by modifying trans-
lation stages speed and various fluences/pulse have been 
achieved by adjusting laser power delivered on the sample 
with a combination of a half-wave-plate and a polarizer. 
Focalization on stromal surface was realized by visualizing 
the sample on a CCD detector combined with a homemade 
microscope.  

During processing, cornea was maintained in an artifi-
cial anterior chamber (Baron Precision Instruments, Grand 
Blanc, Michigan) with 20mmHg pressure on endothelial 
side. 

 
Figure 1: (A) Mechanical microkeratome preparation of corneas in 
order to study anterior (left) and posterior stroma (right); (B) Processing 
of grooves in the remaining anterior (left) and posterior stroma (right). 

2.3 SHG imaging 
Immediately after laser processing, corneas were fixed 

in 4 % paraformaldehyde. During imaging, corneas were 
maintained on a homemade transparent support, in order to 
preserve corneal curve and facilitate grooves imaging. 

SHG imaging was performed in transmission with a la-
ser scanning inverted microscope (Leica SP2), using a 

femtosecond laser source (Coherent, Chameleon VI) deliv-
ering 140fs pulses at 840nm. High numerical aperture wa-
ter-immersion objective (X40, 0.8NA) was used to achieve 
lateral and axial resolution of 500nm and 1.2µm respective-
ly at 840nm. Instead of water, an aqueous gel was used as 
immersion medium. 

36 laser-induced grooves were performed, which repre-
sent a data set wide enough for statistical analysis. Ablation 
rates in the anterior and posterior stroma were compared 
using the complete data set, with a non-parametric test 
(Wilcoxon signed rank test) with P<0.05 deemed as signifi-
cant. 

 
3. Results and discussion 

Figure 2 showed SHG microscopy images of grooves 
realized in the stroma. On XY sections (A.1 and B.1) back-
ground is characterized by striated spatial features, repre-
sentative of collagen organization. As previously reported 
[10], anterior stroma (A.1) showed a higher interwoven 
lamellar organization than posterior stroma (B.1). On the 
surface, grooves borders were very clean, without visible 
thermal effects. Stromal organization did not show any 
visible disturbance around the cut. 

YZ sections (A.3 and B.3) showed irregular groove’s 
depth due to corneal curve. Grooves, initially on the stroma 
surface, are then buried in the tissue. In this case, grooves 
depths were no longer measured. 

XZ sections (A.2 and B.2) showed typical images used 
to grooves depth measurements.  

 
Figure 3 showed AR for different configurations of flu-

ence/pulse and pulses number. In order to determine groove 
depth and AR on stromal surface, averaged values on sev-
eral pictures in the X-Y plan were deduced to minimize 
measurement errors. Each AR corresponded to an average 
of ten measurements.  

On figure 3.A and 3.B we can saw an increase in AR 
with total mean fluence for a constant pulse recovery and a 
variable fluence/pulse. On the other hand, figure 3.C and 
3.D showed a decrease in AR with total mean fluence, but 
for a constant fluence/pulse and a variable pulses number. 
These curves showed that for a same total mean fluence 
AR can be very different, depending on fluence/pulse and 
pulses number. An increase in fluence/pulse seemed to 
augment the AR, while an increase in pulses number 
seemed to reduce it. 

Anterior and posterior stromal ARs were quite high, in 
the µm/pulse range. On the four curves, results showed 
significantly higher ARs of a mean 23±12% (±SD); 
(P=0.0038) in posterior corneal stroma than in anterior 
stroma.  

 These observations were compatible with other studies 
realized on corneal stroma, showing higher interwoven 
lamellar organization and higher shear moduli in anterior 
than in posterior stroma [9-11]. However, in a practical 
point of view, this slight difference in AR could be easily 
compensate by modifying cutting parameters, and did not 
explain difficulties usually encountered to cut posterior 
stroma with FL. Optical scattering induced by the laser 
beam passes through the stroma layers, already identified 
as a limiting factor [7], was the most probable cause of 
these difficulties. 
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Figure 2: SHG imaging microscopy of grooves in corneal stroma. (A) anterior stroma, (A.1) XY section, grooves parameters (left to right) : 1.1mW, 
11.5pulses ; 3.4mW, 2.3pulses; 3.4mW, 11.5pulses; 3.4mW, 2.3pulses; 3.4mW, 11.5pulses, (A.2) XZ section, mean on several images (A.3) YZ section, 
mean on several images. (B) Posterior stroma, (B.1) XY section, grooves parameters (left to right) : 3.4mW, 11.5pulses; 3.4mW, 2.3pulses; 1.1mW, 
11.5pulses, (B.2) XZ section, mean on several images, (B.3) YZ section, mean on several images. 
 
 

 
Figure 3 : Ablation rate versus total mean fluence.  (A) constant pulse number (8.1pulses) and variable fluence/pulse; (B) constant pulse number (15 
pulses) and variable fluence/pulse; (C) constant fluence/pulse (0.31J/cm2) and variable pulse number; (D) constant fluence/pulse (0.93J/cm2) and variable 
pulse number. The error bars represent the 95% Confidence Interval. 
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4. Conclusion 
A systematic study on AR on anterior and posterior sur-

face of human corneal stroma is reported. Second harmonic 
generation imaging of ablated stroma has been used to de-
termine AR. Results show that femtosecond cut and 
groove’s depth control are executable on the surface of 
corneal stroma, a very inhomogeneous substrate. Stromal 
AR is quite high, in the µm/pulse order. For a constant total 
mean fluence, AR is very dependent of process parameters 
(fluence/pulse and pulses recovery). ARs were significantly 
higher in posterior corneal stroma on a mean 23±12% 
(±SD). Limitations encountered to realize deep corneal cut 
can therefore not be explained by the difference in collagen 
organization but by the optical scattering during stromal 
crossing. 
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