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ABSTRACT

PURPOSE: The outcome of ultrashort pulse laser sur-
gery of the cornea is strongly infl uenced by the light 
scattering properties of the tissue, for which little data 
are available. The purpose of the present study is to 
provide quantitative values for light scattering and its 
relation to the degree of edema.

METHODS: An experimental optical measuring setup 
based on confocal geometry was used to measure the 
unscattered and scattered fractions of light transmit-
ted by eye bank corneas presenting various degrees of 
edema. From these measurements, the effective light 
penetration depth in the cornea was calculated as a 
function of wavelength. 

RESULTS: Corneal transparency depends on the patho-
logical state of the cornea and on wavelength. It may be 
predicted as a function of corneal thickness, ie, the de-
gree of edema. In healthy and edematous cornea, the 
percentage of scattered light decreases with increasing 
wavelength. The total penetration depths at the wave-
lengths of ~1050 nm (which is used in typical clini-
cal systems) and 1650 nm (which is recommended for 
future devices) are comparable; however, the former is 
limited by scattering, which degrades the laser beam 
quality, whereas the latter is only limited by optical ab-
sorption, which may be compensated for.

CONCLUSIONS: The use of longer wavelengths should 
help improve the surgical outcome in ultrashort pulse la-
ser surgery of the cornea when working on pathological 
tissue. A wavelength of approximately 1650 nm appears 
to be a good compromise, as it allows for reduced light 
scattering while keeping optical absorption reasonably 
low. [J Refract Surg. 2010;26(10):786-795.] 
doi:10.3928/1081597X-20100921-04

D uring the past decade, considerable progress has 
been made in ultrashort pulse laser surgery of the 
anterior segment of the eye.1-8 Ultrashort pulse laser 

systems are now routinely used for LASIK with a femtosec-
ond laser used to create the corneal fl ap. Femtosecond LASIK 
is performed on clear cornea, which permits tight focusing 
of the surgical laser beam. However, when current systems 
are used for corneal grafting, which requires surgery in the 
depth of pathological tissue, the light scattering processes 
deteriorate the laser beam quality, limit the effective pene-
tration depth of the laser beam, and distort and enlarge the 
focal spot,8,9 which may lead to irregular or failed cuts and 
unwanted side effects. As most indications for corneal graft-
ing are related to pathologies that cause edema, it is of high 
interest to elucidate the light scattering process involved, to 
quantify its contribution, and to identify potential solutions 
to the problem.

Light propagating through the cornea experiences optical 
absorption and scattering. For all practical purposes discussed 
here, the absorption spectrum of the cornea may be consid-
ered identical to the one of water, for which precise measure-
ments are readily available. However, the infl uence of light 
scattering processes is more diffi cult to quantify. Figure 1 (left) 
shows a Siemens star projected through a typical edematous 
cornea. The high spatial frequencies close to the center are 
blurred and the transmitted light appears slightly red, which 
indicates a wavelength dependence of the underlying light 
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scattering processes. On the right, a cornea is shown 
that had undergone an osmotic deswelling process, 
re-establishing a condition close to the one of a typi-
cal healthy cornea. The high spatial frequencies are 
resolved and no appreciable modifi cation of the trans-
mitted light spectrum is apparent. 

Several theories have been put forward to explain the 
optics of healthy and edematous cornea,8,10-22 and some 
details still need clarifi cation. It is generally agreed that 
corneal transparency is closely linked to the spatial or-
ganization of the collagen fi brils in the stroma, which 
occupy most of the stromal volume. Two light scatter-
ing processes are generally identifi ed. As the collagen 
fi brils in the stroma act as narrow elongated scatters 
with diameters much smaller than the wavelength and 
a refractive index different to the one of the interstitial 
matrix, they give rise to the so-called Rayleigh scat-
tering. This leads to a wavelength dependency of the 
scattering cross-section of an individual fi bril, which 
is proportional to �-3, � being the wavelength of light.12,23-25 
The difference in the exponent of the wavelength be-
havior to the more familiar Rayleigh scattering in the 
atmosphere (which is proportional to �-4 and explains 
the blue color of the sky) may be explained as follows: 
within the spectral range considered here, corneal 
collagen fi brils act as “one-dimensional” scatterers as 
opposed to the “zero-dimensional” small particles pres-
ent in the atmosphere, removing one dimension from 
the scattering process. As Maurice12 pointed out in his 
fi rst study on corneal transparency, if the fi brils act as 
independent scatterers, even healthy cornea would 
be opaque. It is the relatively regular arrangement of 
the fi brils in healthy cornea that results in an effective 
refractive index suffi ciently homogeneous to ensure 
transparency. Perturbations of the regular structure by 
edema or other pathologies cause increased scattering, 
resulting in a reduction of the corneal transparency 
(from a theoretical point of view, the angular scattering 

pattern is proportional to the Fourier transform of the 
autocorrelation function of the fi bril distribution8).

The second phenomenon is caused by structures 
that have dimensions comparable to the wavelength. 
This light scattering regime is commonly called “Mie” 
scattering, although strictly speaking, the Mie theory 
only holds for perfectly spherical particles.

The keratocytes present in the cornea may be re-
sponsible for weak light scattering present even in 
healthy cornea. Their contribution increases with their 
transformation into myofi broblasts following wound-
healing reactions.26 In strongly edematous cornea, 
“lakes”13 of interstitial liquid devoid of collagen fi brils 
are formed between the lamella causing variations in 
the average refractive index at micrometric scales giv-
ing rise to Mie scattering. Whatever the exact geometry 
of the scattering particle, no strong wavelength depen-
dence is expected for Mie scattering. However, as this 
process occurs in addition to the aforementioned Ray-
leigh scattering, in the presence of strong Mie scatter-
ing, a slightly weaker overall wavelength dependence 
may be observed. Behaviors proportional to �-2 have 
been reported in the literature for highly edematous 
cornea,19 which we attribute to the combination of 
Rayleigh and Mie scattering processes.

Early experimental studies on light scattering in hu-
man corneas were performed by Boettner and Wolter27 
who used nine freshly enucleated human eyes and 
compared “total” transmittance to the unscattered 
component of the transmitted light in view of quanti-
fying the light scattering in cornea as a function of age. 
A summary of subsequent experimental work can be 
found in the research note by van den Berg and Tran.28 
More recent studies have focused on light scattering 
induced by keratectomy29,30 and abnormal cellular-
based refl ections from stromal keratocytes.31

The objective of the present study is to complete the 
available data by providing quantitative measurements 

Figure 1. Siemens star viewed through 
an edematous eye bank cornea (left) and 
through a cornea having regained its trans-
parency during 4 days of treatment in a 
Dextran500 deswelling solution (right).
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of light scattering in healthy and edematous cornea 
with good spectral resolution over a broad spectrum 
ranging from the near-infrared (NIR) to the short-wave-
length-infrared (SWIR) and the visible spectrum, while 
maintaining good selectivity by using a very small, solid 
angle to discriminate the unscattered light from the 
forward scattered light. These data may then be used 
to obtain a good estimate for the effective light penetra-
tion depth in the cornea as a function of the degree of 
edema, and to identify new potential wavelengths for 
the development of new laser sources for femtosecond 
surgery allowing the infl uence of scattering to be re-
duced, as has been done previously for sclera.5,6

MATERIALS AND METHODS
Our method to quantify corneal light scattering is 

based on the determination of the optical absorption 
in cornea by the measurement of the total transmis-
sion spectrum, ie, the transmitted light regardless of 
its direction of propagation. This is compared to the 
measurement of the unscattered part of the transmitted 
light, which corresponds to the photons experiencing 
only negligible deviation from their initial trajectory.

The study was conducted according to the tenets of 
the Declaration of Helsinki and the French legislation 
for scientifi c use of human corneas. Fifty human cor-
neas unsuitable for transplantation because of low en-
dothelial cell density were obtained from the Banque 
Française des Yeux (French Eye Bank), Paris, France. 
Corneoscleral disks were stored using the organ cul-

ture technique in a CorneaMax medium (Eurobio, 
Courtabœuf, France) to promote swelling. Storage time 
ranged from 13 to 15 days.

Corneas are immerged in Hank’s balanced salt so-
lution containing Dextran500 (Sigma-Aldrich Chimie 
S.a.r.l., Lyon, France) in different concentrations. The 
deswelling rate and the fi nal thickness may be ad-
justed by varying the concentration.32 Typical Dextran 
concentrations were 2%, 3%, 4%, 5%, 7%, 10%, and 
15% of added weight and the typical deswelling time 
is less than 5 hours.

Figure 2 shows the experimental setups used for 
the present study. To suppress surface scattering (as 
opposed to volume scattering, which is of interest here), 
the cornea is sandwiched between two uncoated lenses 
adapted to the corneal curvature, the fi rst lens being 
plano-concave (LC1906; Thorlabs, Dachau/Munich, Ger-
many) and the second plano-convex (LA1576; Thor-
labs) (a similar approach was used by de Brouwere et 
al30). To ensure index matching, a drop of physiologic 
serum is inserted between the cornea and the lenses. 
For normalization purposes, a reference measurement 
(baseline) is recorded using the identical pair of lenses 
without the sample, but put into contact with a drop of 
serum. The open aperture of the lens pair in the lens 
holder is 8.6 mm.

Two integrating spheres are used to evaluate the ab-
sorption spectrum of the cornea. One sphere (FOIS-1; 
Ocean Optics, Dunedin, Florida) captures the forward 
scattered light through an aperture of 9.5 mm (Fig 2A) 

Figure 2. Experimental setups for the 
measurement of a) forward scattered light, 
b) backscattered light, and c) directly trans-
mitted light.



789Journal of Refractive Surgery • Vol. 26, No. 10, 2010

Light Scattering and Penetration in Human Cornea/Peyrot et al

and the other (ISP-50-8-R, Ocean Optics) captures the 
backscattered light (Fig 2B) while the forward transmit-
ted light passes through an aperture of 8 mm. In both 
cases, shadowing effects due to the difference in diam-
eter between the sphere aperture and the sample holder 
are taken into account by the baseline measurement. 

The measurement of the unscattered transmitted 
light uses a confocal geometry (Fig 2C). A continuous 
white light beam from a halogen-tungsten lamp (spec-
tral range: 200 to 2500 nm) is coupled into a multi-
modal optical fi ber while a spatial fi lter selects a mode 
covering the entire spectrum without modal super-
position. An achromatic lens transforms the fi ltered 
mode into a parallel beam with a diameter of 5 mm. 
The beam passes through the sample placed in front 
of a telescope. The transmitted light then travels a dis-
tance of 750 mm and is then coupled into a split optical 
fi ber with an entry diameter of 600 µm and two output 
fi bers of 200-µm diameter. The solid angle correspond-
ing to the acceptance angle of the confocal setup is 
� � 3 • � • 10-8 sr. In the following, by defi nition, pho-
tons that remain within this solid angle will be con-
sidered as unscattered. The light is analyzed by two 
spectrometers sensitive to the visible NIR light (400 to 
1000 nm) and NIR-SWIR light (1000 to 1700 nm), re-
spectively.

The telescope is used because the presence or 
absence of a cornea in the sample holder results in 
slightly different focal lengths. It is based on a fi rst 
strongly focusing lens followed by a second lens 
transforming the light in a parallel beam with a 
diameter of 8 mm. An adjustment of the position of 
the second permits compensation for the difference 

in focal length. Figure 3 shows a test measurement on 
a suspension of 30-nm-thick nanospheres in water. A 
double logarithmic chart shows the expected behav-
ior proportional to �-4.

A comprehensive presentation of scattering pro-
cesses23-25 and radiative transfer phenomena33 can be 
found in standard textbooks. The parameters that are 
important for the considerations presented in this ar-
ticle are briefl y summarized. When normalized to the 
incident intensity I0, the fractions of the transmitted 
light TFS, the backward emitted light TBS, and the frac-
tion of light absorbed in the cornea TA of the light have 
to add up to unity:

(1)  TBS � TFS � TA = 1.

In Figure 2, setup (a) measures TFS and setup (b) 
measures TBS. Figure 4 shows measurements of the 
backscattered light TBS made with and without the use 
of the sample holder described above. When the holder 
is not used, the backscattered light has a signifi cant 
wavelength dependence. With the holder in place, the 
backscattered light is almost constant at a value close to 
4% over the entire spectral range, which corresponds 
to the Fresnel refl ection for the uncoated fi rst lens used 
in the sample holder. We may therefore conclude that 
the sample holder removes the surface backscattering 
effect. Only a small fraction of the incoming light is 
backscattered by the volume of the cornea, which is 
below the sensitivity of our experimental setup.

The transmitted light consists of the unscattered 
light TD—which can be measured by setup (c) depicted 
in Figure 2—and the fraction TS of the incident light, 

Figure 3. Unscattered transmission measured by the setup shown in 
Figure 2C through a suspension of 30-nm-thick nanospheres in water 
plotted as a function of wavelength � in a double logarithmic chart. The 
light scattering shows the expected behavior proportional to �-4 typical for 
Rayleigh scattering by point-like small particles.

Figure 4. Measurement of the light reflected by an edematous cornea 
(thickness ~1000 µm) with and without the sample holder in place 
(dashed and continuous lines, respectively). The use of the sample holder 
eliminates backward scattering from the corneal surface and reduces the 
backward reflection to the Fresnel reflection component.
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which is transmitted by the cornea, but scattered away 
from the optical axis:

(2)  TFS = TD � TS.

The ratio � of the light that is scattered away from 
the optical axis may be calculated by normalizing TD 
by the transmitted light TFS:

(3) � =   
TFS�TD ________ TFS

   = 1�  TD ____ 
TFS

  .

The penetration depth of the light in the tissue may 
be estimated from the measurements on the scattering 
spectra. The penetration depth �A associated with opti-
cal absorption is defi ned as the distance L in the me-
dium where absorption has reduced the light intensity 
to a fraction of 1/e of its initial value. We may obtain the 
tissue absorption by Eq.(1). All spectra are normalized 
with respect to a baseline measurement taken with the 
sample holder in place, which implicitly takes into ac-
count the light refl ected backward by Fresnel refl ection, 

thereby removing TBS from Eq.(1). The transmitted light 
TFS may be rewritten in terms of penetration depth:

(4)  TFS = 1�TA=e-L/�A.

Likewise it is possible to defi ne the effective penetra-
tion depth �E describing the combined effect of absorp-
tion and scattering. We defi ne the effective penetration 
depth as the distance in the medium where a fraction 
1/e of the light intensity is not absorbed and not scat-
tered outside of a specifi c solid angle. This term may 
be evaluated by rewriting Eq.(2):

(5)  TD = e-L/�E = e-L/�A
 • e

-L/�S

which permits the defi nition of the scattering pen-
etration depth �S. If the scattering particles are identi-
cal and act independently, the scattering penetration 
depth may be calculated as 

(6)  �S = 1/(	 
),

where 	 is the density of the scattering particles and 

 is their scattering cross-section. This relationship is 
discussed further below. From Eqs.(4) and (5), �E, �A, 
and �S may be calculated as

(7) �A = -L/ln(TFS),

(8) �E = -L/ln(TD), and 

(9) �S =   -L _______ 

ln (   TD ____ TFS
   ) 
  .

RESULTS
Experimental spectra were measured on 50 eye bank 

corneas presenting various thicknesses associated to 
various degrees of edema. Figure 5 shows the typical 
result obtained for a cornea before and after immer-
sion in the deswelling solution. The total transmitted 
light spectrum agrees well with earlier data obtained 
by Boettner and Wolter.27 In untreated cornea, the 
presence of two absorbance peaks of approximately 
400 nm and 550 nm may be attributed to the biological 
marker “phenol red,” which is present in the storage 
solution.34-37 Both spectra are comparable when taking 
into account the different thicknesses except for the 
presence or absence of these absorption bands. Figure 
5 also shows the scattering spectra calculated using 
Eqs.(2) and (3), ie, the percentage of light scattered out 
of the solid angle defi ned by the confocal measuring 
setup. In both cases, the light scattering process shows 

Figure 5. Forward scattered light TFS, unscattered light TD, and percent-
age of scattered light  for an approximately 1000-µm-thick edematous 
human cornea (top) and for a 450-µm-thick human cornea (bottom).
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a strong wavelength dependence. In the deswollen 
cornea, the scattering ratio decreases rapidly until 
1000 nm and more slowly above this value. The un-
treated cornea shows stronger scattering value at short 
wavelength and a less rapid decrease of the scattering 
of the spectrum. At the wavelength of typical clinical 
lasers (~1050 nm), scattering remains strong. A win-
dow of relative optical transparency centered at 1650 
nm may be identifi ed where absorption is moderate 
and scattering is low. In this wavelength range, simi-
lar values are measured for the penetration depth as at 
1050 nm for the untreated cornea. The apparent mini-
mum in the scattering spectrum close to 1450 nm for 
healthy cornea is an artifact: in this wavelength range, 
the strong absorption peak of water dominates the 
propagation process. Because of the error propagation, 
small variations in the measured transmission data re-
sult in strong errors in the scattering spectrum and the 
absolute values for the scattering spectra are not sig-
nifi cant. This is without consequence for the following 
discussion in terms of penetration depth.

Although our results confi rm that the light scattering 

process in human cornea is strongly wavelength depen-
dent (as is the case for most biological tissues38), for prac-
tical purposes we may translate the results shown in Fig-
ure 5 into penetration depths of the surgical laser beam.

Figure 6 shows the same data presented in Figure 5 
but represented in terms of penetration depths as abso-
lute values and values normalized by the corneal thick-
ness. The results obtained for cornea before and after 
the deswelling treatment are in fact similar in shape 
apart from the aforementioned artifacts; however, the 
relative penetration depths with respect to the thick-
ness of the cornea vary strongly.

DISCUSSION
Figures 5 and 6 show that in the visible and NIR 

spectral range, corneal transparency is limited by light 
scattering whereas the contribution of optical absorp-
tion is negligible. Light scattering is increased by a 
factor of up to three in the presence of edema. The ef-
fective penetration depths (�E) are in fact comparable 
in healthy and edematous cornea. However, when the 
penetration depth is normalized with respect to the 
sample thickness, the value is much lower for edema-
tous cornea. This observation may appear unsurprising 
at fi rst, but its explanation is not entirely trivial: the ex-
cess liquid reduces the fi bril density per unit volume, 
which should increase the absolute penetration depth. 
However this “dilution” effect is compensated by an in-
creased collective scattering cross-section of the fi brils 
due to the perturbation of their regular arrangement.

Within the window of optical transmission centered 
at 1.65 µm, the curves for total and unscattered trans-
mission are close: the transmitted light is largely un-
affected by scattering. Here, the penetration depth is 
only limited by the relatively weak optical absorption. 

Figure 6. Penetration depth and relative penetration depths for an 
approximately 1000-µm-thick edematous human cornea (bottom) and 
for a 450-µm-thick human cornea (top), with the absorption and scatter-
ing components, and the resulting effective penetration depth.

Figure 7. Percentage of scattered light as a function of corneal thickness 
scattering at 800 nm (black squares), 1050 nm (red dots), and 1650 nm 
(blue triangles). Error bars indicate standard deviation.
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The beam quality of surgical lasers using this wave-
length range should be good in pathological cornea.

The Table shows that a surgery system working at a 
wavelength of approximately 1050 nm would be more 
effi cient than one at 800 nm, because absorption and 
scattering at 1050 nm are lower, resulting in a higher 
penetration depth. Comparing 1050 and 1650 nm pres-
ents an interesting perspective: at 1650 nm, the effec-
tive penetration depth of light is comparable to the one 
at 1050 nm, but the limitation is not due to the same 
set of parameters. At 1650 nm, the light penetration is 
only limited by the residual absorption of the medium 
while at 1050 nm it is limited by light scattering. This 
point is of high interest because absorption is a linear 
process, which is easily compensable by an increase 
of the laser pulse energy. Numerical calculations have 
shown that under the given circumstances the effect of 
the heat deposition in the tissue is negligible (Caroline 
Crotti, MSc, unpublished data, June 2008). In com-
parison, the compensation of light scattering is not as 
straightforward. Furthermore, given that the scattering 
pattern of cornea is strongly forward peaked, the scat-
tered photons are focused at regions close to the fo-
cal spot. The light scattering processes likely cause a 
considerable enlargement and distortion of the point 
spread function (PSF) of the incident laser pulse, re-
sulting in incomplete cuts and other unwanted effects 
and thereby strongly compromising the surgical out-
come. This cannot be compensated by simply increas-
ing the pulse energy, as this would cause even stronger 
unwanted secondary effects.

Additional insight may be gained when plotting 
the data as a function of corneal thickness, which is 

an indicator for the degree of edema. Figure 7 shows 
a comparison of the percentage of scattered light as a 
function of the corneal thickness for different wave-
lengths: 800 nm (typical laboratory ultrashort pulsed 
laser based on titanium-doped sapphire crystals), 1050 
nm (typical clinical laser), and 1650 nm. The following 
conclusions can be made:
● At any stromal thickness, the percentage of scat-

tered light decreases strongly with wavelength. At 
1650 nm, the scattering may be reduced by a factor 
of more than two compared to 800 nm and by ap-
proximately 50% with respect to 1050 nm. Even at 
the physiological stromal thickness (~480 µm with-
out epithelium), scattering at 1650 nm remains sig-
nifi cantly weaker than at shorter wavelengths.

● The physiological thickness of the healthy cornea 
corresponds to a minimum in light scattering. Artifi -
cial reduction of the thickness below this value also 
results in increased scattering.
To obtain a metric for the infl uence of corneal 

pathologies, we may express our data in terms of scat-
tering cross-section per fi brils. Following the reason-
ing of Maurice10 and using his parameters (see also 
Hart and Farrell11), we fi rst calculated the theoretical 
cross-sections per unit length for individual fi brils act-
ing as independent scatterers. These values are plotted in 
the dashed rectangle in Figure 8; the green star shows 
Maurice’s result for a wavelength of 500 nm. We then 
used Eq.(6) to calculate and plot the effective cross-sec-
tion per collagen fi bril as a function of corneal thick-
ness while taking into account that corneal swelling 
dilutes the initial density of the fi brils. The following 
observations can be made:
● As Maurice concluded, corneal transparency can-

not be explained by considering the fi brils as inde-
pendent Rayleigh scatterers. For all wavelengths of 
interest here, the regular arrangement of the fi brils 
within the healthy stroma reduces their scattering 
cross-section by a factor of approximately two.

Figure 8. Effective scattering cross-section per unit length for individual 
fibrils as a function of corneal thickness at 800 nm (black squares), 
1050 nm (red dots), and 1650 nm (blue triangles). The dashed rectangle 
contains the theoretical values for fibrils acting as independent scatterers. 
The star indicates the value for 500 nm used by Maurice.10 Error bars 
indicate standard deviation.

TABLE

Wavelength Comparison of the 
Effective Penetration Depth in the 

Cornea and Its Absorption and 
Scattering Components

Wavelength 
(nm)

Effective 
Penetration 
Depth (mm)

Absorption 
Component 

(mm)

Scattering 
Component 

(mm)

800 0.7�0.2 10.8�0.4 0.7�0.2

1050 1.2�0.4 13�6 1.3�0.4

1650 0.9�0.2 1.5�0.1 2.1�0.9
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● Deviations from the physiological thickness in both 
directions increase the effective scattering cross-
section per individual collagen fi bril. This phenom-
enon is particularly pronounced at 1650 nm.

● For strongly edematous cornea, ie, cornea that has 
increased more than ~50% in thickness, the effec-
tive cross-section appears to reach values that are 
above those for “independent” scattering.
The last point merits a detailed discussion. Similarly 

to Maurice’s reasoning that the optical transparency of 
healthy cornea may not be explained by considering 
the collagen fi brils as independent Rayleigh scatterers, 
we point out that it also does not explain the opac-
ity of pathological cornea. Additional light scattering 
mechanisms obviously contribute. 

First, in very thin cornea, the repulsive potential 
between some fi brils breaks down and some fi brils 
“stick” together, thereby forming stronger individual 
scatterers. The combined cross-section is higher than 
the added cross-sections of individual fi brils (the di-
ameter of one-dimensional Rayleigh scatterers appears 
with the power of four in the relationship for the scat-
tering cross-section10,11,23-25). 

Second, strongly edematous corneas as defi ned 
above produce additional Mie scattering notably due 
to the presence of “lakes,” which results in an over-
estimation of the fi bril scattering cross-section. Addi-
tional Mie scattering may be caused by alterations in 
the keratocytes caused by keratectomy, wound-healing 
processes, or some pathologies.

Third, even in highly edematous cornea, the colla-
gen fi brils do not act as independent scatterers in the 
sense of the Rayleigh model: they remain within one-
half a wavelength of each other and produce additional 
interaction processes the Rayleigh theory does not take 
into account.

We now turn our attention back to the more prac-
tical aspects of laser surgery. When considering the 
practical consequences of a wavelength change, two 
additional phenomena have to be taken into account. 
Increasing the wavelength also increases the dimen-
sions of the Airy disk, which a priori should require a 
corresponding increase in pulse energy. For instance, 
a wavelength change from 1.05 µm to 1.65 µm would 
require an increase in pulse energy by a factor of ap-
proximately 2.5 to obtain the same radiant exposure. 
This would obviously compromise the advantage of 
the reduced light scattering, particularly when tak-
ing into account that the optical absorption at 1.65 µm 
has to be compensated for as well. In clinical practice, 
however, typical PSFs in tissue are not close to the dif-
fraction limit. As the measurements presented above 
illustrate, even in healthy cornea, a signifi cant amount 

of scattering is present, which causes a broadening of 
the PSF in the volume of the tissue. As we have shown 
in another study,39 optical aberrations further contrib-
ute to the broadening of the PSF. A rough estimate 
shows that the additional broadening by these processes 
is typically wider than the PSF itself and therefore par-
tially or entirely masks the wavelength dependence of 
the diffraction limited PSF. Experimental evidence ex-
ists for this: in our previous surgical experiments,8 a 
wavelength change from approximately 1 to 1.65 µm 
resulted in an increase in incision depth of a factor of 
more than three for identical pulse energies, which ex-
ceeds the improvement predicted by the reduced scat-
tering after the wavelength change. This may be due to 
a modifi cation of the threshold for optical breakdown 
or other effects, the discussion of which is beyond the 
scope of this article.

A practical application of our results also should 
take into account that the measurements presented 
here have been performed in the far fi eld, whereas for 
the surgical intervention the quality of the focal spot 
is of interest, which is a near fi eld phenomenon. The 
scattering fi brils are close to the PSF they perturb and 
the resulting effective PSF cannot simply be calculated 
by Fourier-transforming the far fi eld result. As has been 
shown in the even more strongly scattering sclera, the 
local PSF breaks down into a closely packed speckle 
pattern.5,6 The exact form of this pattern depends on 
the position in the tissue; however, the average enve-
lope of the pattern corresponds roughly to a broadened 
PSF, the form of which can be obtained by Fourier 
transforming the far fi eld distribution. This is not en-
tirely surprising in as much as the difference in refrac-
tive index between the fi brils and matrix is �10%. The 
fi brils may be considered “soft” scatterers, which do 
not cause strong local maxima in the light intensity. 
The “lakes” that are present in strong edema as well as 
normal and altered keratocytes act as “Mie” scatterers 
in the far fi eld, which cannot immediately be trans-
lated into a near fi eld behavior. However, the small 
local gradient in refractive index is unlikely to create 
strong local intensity variations leading to unwanted 
side effects. Our surgical experiments have shown 
no evidence for the existence of artifactual local “hot 
spots.” This is particularly true for the longer wave-
lengths we recommend. When increasing the energy 
at 1650 nm to compensate for the absorbed energy, the 
photons reaching the focal region form a well-defi ned 
focal spot, which allows precise and reproducible sur-
gical incisions.

Light scattering and light penetration depth in human 
corneas presenting different degrees of edema have 
been studied over a wide optical spectrum. At the 



794 Copyright © SLACK Incorporated

Light Scattering and Penetration in Human Cornea/Peyrot et al

wavelengths close to 1 µm, which are typically used 
by clinical ultrashort pulse lasers, scattering is strong 
in the presence of edema, which may explain the often 
unsatisfactory outcome of keratoplasty assisted by ultra-
short lasers and other corneal surgical procedures 
based on these lasers.9 Shifting the laser wavelength 
to the SWIR range while avoiding the water absorption 
peak centered at 1450 nm allows the infl uence of light 
scattering to be considerably reduced. The transparen-
cy band centered at 1650 nm should be optimal for sur-
gery of the cornea assisted by ultrashort pulse lasers. In 
this wavelength range, the effective penetration depth 
is comparable to the one observed at 1050 nm, but the 
laser focus remains well defi ned and the penetration 
depth is only limited by optical absorption, which is 
easy to compensate. Given the beam quality of surgical 
lasers in practical clinical conditions, the additional 
broadening of the Airy disk due to the increased wave-
length is of little infl uence. A further benefi t is that 
the SWIR region is safe for the eye: no light can reach 
the retina. Future developments of femtosecond laser 
sources for corneal surgery should preferentially ad-
dress this wavelength range.40

The expression of our measured data in terms of ef-
fective scattering cross-section per collagen fi bril illus-
trates the strong infl uence of the tissue structure and 
presence of edema on the corneal scattering properties 
and may be of use for future theoretical considerations.
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