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Motivazione
• Tecnica di mappatura delle proprietà elastiche è la 

microscopia ad effetto Brillouin
• La variazione spaziale della rigidità della cornea 

provoca deformazione à necessità di 
caratterizzare la rigidità della cornea

Problemi aperti
• Misura lenta (100 ms/punto)
• Movimenti oculari (anche la 

respirazione provoca 
spostamenti ~ 150-200 !m)

Soluzione
Modalità di imaging in real time 

per analizzare e guidare 
l’acquisizione di Brillouin con 

tecniche di eye-tracking
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Microscopia ad effetto Brillouin

Shift Brollouin è collegato con il 
modulo elastico longitudinale

M# = 1
4Ω

(λ( ρn(

Laser-scanning
confocal
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Spettroscopia Bri l louin: V.I .P.A.
(Virtually Imaged Phased Array)

with 68 beam cross angle to reduce backscattered light and to achieve
high spatial resolution with a low numerical aperture (NA). Epi-
confocal detection, on the other hand, can maximize light
collection. The three-dimensional resolution, measured by sliding
the interface of two materials with distinctly different Brillouin
shifts over the beam focus, was 6 mm (x) ! 6 mm (y) ! 60 mm (z).
The resolution can be improved by increasing the NA. However, a
high NA (.0.5) will involve noticeable Brillouin line broadening
as a result of the dependence of the frequency shift on the
scattering angle, as well as through the reduced acousto–optic
interaction length (axial resolution)25.

Figure 2a shows a typical spectrometer output obtained from
distilled water with a CCD integration time of 1 s and laser
power of 10 mW on the sample. We optimized the number of
diffraction orders to effectively one within the transmission
window (dotted line) by spectrometer design. The acquired
spectrum shows the Stokes and anti-Stokes Brillouin lines at both
sides of a central elastic scattering line (Fig. 2b). About
100,000 photons contributed to each Brillouin line. The electrical
readout noise level of the camera was between 5 and 30 photons
depending on the gain level used. We measured the frequency
sensitivity (the root-mean-square error) to be +7 MHz Hz21/2,
which corresponds to +4 MPa (+0.1% error) for 1 s integration.

We also tested various liquid and solid samples (Fig. 2c) and
obtained Brillouin shifts and linewidths that agree with
previously published data5,26. The majority of the scattered light

had the same polarization state as the input laser beam. The
efficiency of Brillouin scattering varies depending on the elasto–
optic tensor of the material, beam directions, and optical and
acoustic polarizations2. All of our experiments described here
used isotropic materials in the quasi-epi detection (back-
scattering) configuration. As a result, we observed only the
Brillouin lines associated with longitudinal acoustic phonons.
The amplitude of scattering from transverse (shear) acoustic
phonons is zero in the backward direction.

To demonstrate Brillouin imaging, we used an acrylic intraocular
lens placed in a cuvette filled with viscous polymer for optical index
matching (Fig. 3a). A total of 230 (x)!44 (z) spectra were acquired
with a CCD integration time of 0.5 s and laser power of 3.5 mW,
as the sample was translated stepwise over an area of
3.2 mm (x) ! 1.3 mm (z). Figure 3b shows an image created by
mapping the measured frequency shifts nB. The cross-section of
the acrylic lens appears at the centre in dark red (nB ¼ 14.6 GHz),
the surrounding medium in blue (nB ¼ 11.5 GHz), and a part
of the polystyrene cuvette at the left top in light red (nB¼ 14.4 GHz).
At the interface between different materials, the spectrum
exhibits two Brillouin peaks corresponding to the individual
materials. We defined the Brillouin shift as the weighted centroid
of the peaks, so that the boundaries of objects are highlighted
with a colour gradient. The lens and cuvette have similar
Brillouin shifts, barely discernable in Fig. 3b, but their elasto–
optic constants and thus Brillouin scattering efficiencies are
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Figure 1 Principle and schematic of the experimental set-up.
a, Illustration of Brillouin light scattering originating from acoustic phonons
(waves). b, Schematic of spectrometer based on a VIPA. c, Schematic of the
confocal Brillouin microscope system.
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Figure 2 Brillouin spectra of various samples. a, Typical CCD output obtained
from distilled water. b, The width of the transmission profile (dotted line)
matched to the FSR to maximize the signal. c, Calibrated optical spectra:
experimental data (red circles); overall curve fit based on lorentzian functions

(solid green line); and a curve fit to the Stokes Brillouin spectrum (blue dashed line).
The measured Brillouin shifts and linewidths are 7.46 GHz and 0.79 GHz for water,
5.57 GHz and 0.46 GHz for methanol, 9.23 GHz and 1.97 GHz for benzyl alcohol and
benzyl benzoate (BABB), and 15.6 GHz and 0.26 GHz for acrylic glass (Plexiglas).

LETTERS
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M. Shirasaki : Virtually Imaged Phased Array

surface of the output side.  Here, the center axis
of the input light to the surface has a small inci-
dent angle θ.  It should be noted that θ is the
incident angle within the plate and the refraction
at the glass surface is ignored for simplicity.
Therefore, the actual incident angle to the plate
in the air is about n times larger due to refraction
(n is the refractive index of the plate and n = 1.5
for glass).  A part of the incident light passes
through the output surface and diverges after the
beam waist, at which point the light is line-fo-
cused.  The rest of the incident light is reflected
and, after the second reflection, hits the same sur-
face but is displaced by d.  Then a part of the light
passes through the surface.  In a similar way, af-
ter the plate, the light is split into many paths
with a constant displacement d.  In Figure 2, the
refraction at the output surface is also ignored.

If the reflectivity at the output surface of the
plate is uniform over the entire surface, then the
beam shape in each path forms as if the light di-
verges from the virtual image of the beam waist.
The virtual images of the beam waist are located
with the constant spacing 2t (t is the thickness of

the plate) along the line which is normal to the
plate.  The positions of the beam waists in the vir-
tual images are self-aligned and there is no need
to adjust individual positions.  After exiting the
glass plate, all of the beams interfere and then
form collimated light, where the light propagates
in a particular direction which is determined by
the condition of diffraction and is a function of
the light wavelength.  This output profile is ana-
lytically solved as shown below.  If the reflectivity
at the output surface of the plate is graded along
the surface, the beam shape would be distorted
through the reflections and the output profile
would need to be analyzed numerically.

Assuming the reflectivity is uniform, the
spacing of the light paths is d = 2tsinφ and the
difference in the path lengths between adjacent
beams is 2tcosφ.  Here, φ is the output angle with
respect to the normal to the plate as shown in
Figure 3.  Since Figure 3 does not consider the
refraction at the surface of the plate, the angles
in the air for θ and φ appear about  n times larger.
The angular dispersion is proportional to the ra-
tio of the two numbers described above, which is

µ

θ

• Alta risoluzione spettrale (F~60)
• Alta efficienza di trasmissione (~80%)
• Analisi spettrale single-shot

5

Shirasaki, Fujitsu Scientific & Technical 
Journal 35.1, 113 (1999).
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Imaging Brillouin
ex vivo bovine

there was much less variation laterally at the same depth from
the corneal surface. Figures 2b and 2c show en face Brillouin
images of the same sample acquired along two horizontal
planes (x–y) as the eye was moved horizontally with respect to
the laser beam. A high degree of radial symmetry is observed in
the en face images throughout all depths.

Brillouin Profiles and Microstructure

Most of the corneal stroma consists of 200 to 500 layers of
flattened collagenous lamellae. Collagen fibril organization is
responsible for the mechanical strength of corneal stroma.38–40 In
the anterior one third of the stroma, collagen lamellae are thin
(!0.2–1.2 !m thick and 0.5–30 !m wide) and are positioned
obliquely to the corneal surface, sometimes interwoven. In the
posterior stroma, collagen lamellae tend to be arranged parallel
to the surface and are thicker (1.0–2.5 !m thick and 100 to
250 !m wide).41 To investigate the correlation between the
structure and elastic modulus of the cornea, we compared a
high-resolution axial profile of an intact cornea (Fig. 3a) with a
collagen-stained (Masson’s trichrome) image of the corre-
sponding corneal section (Fig. 3b). From the side-by-side com-
parison, we identified four distinctive regions: (I) the epithelial
region with low elastic modulus; (II) the anterior part of the
stroma characterized by the highest elastic modulus and a
steep downslope of the Brillouin modulus; (III) the posterior
region with a mild downslope; and (IV) the innermost region
near the endothelium, where the modulus decreases rapidly
with depth. The anterior (II) and posterior (III) regions in the
Brillouin image seem to correlate with the description of the
two regions with distinctively different collagen structures.40

To examine the microstructure, we performed second-har-
monic generation (SHG) microscopy of an unstained tissue
section harvested from the same cornea (Fig. 3c). Consistent
with previous observations in human, rabbit, and porcine cor-
neas,42–44 the SHG image of bovine cornea visualized the
collagen-rich structure in the stroma but little collagen in the
epithelium. The anterior part of the stroma shows a markedly
interwoven and intertwined organization of collagen fibers. In
the posterior and innermost region of the cornea, collagen
fibers mostly run parallel to the corneal surface. The qualitative

correlation between the magnitudes of Brillouin frequency
shift, and the SHG signal supports the hypothesis that the
collagen content and fibril organization may be the principal
determining factor of corneal elasticity.40

Axial Slopes and Mean Modulus

We measured the axial slopes in the anterior, posterior, and
innermost corneal regions (N " 4). In the anterior region
between 80 and 180 !m from the corneal surface, the average
slope was 1.09 # 0.26 GHz/mm (ignoring the negative sign of
the slope); in the posterior region between 300 and 550 !m,
the slope was 0.32 # 0.1 GHz/mm; and in the innermost region
between 680 and 780 !m, we measured a slope of 2.94 # 0.18
GHz/mm (Fig 4a). The Brillouin slope of each region was
statistically distinct (unpaired t-test P $ 0.001 for all two-group
comparisons). The mean longitudinal modulus of the four
tested samples was 2.7 # 0.02 GPa (Fig. 4b).

Brillouin Imaging of Corneal CXL

Next, we evaluated the potential of Brillouin imaging to mon-
itor corneal CXL. CXL promotes the formation of covalent
bonds between collagen fibers in the stroma by optical activa-
tion of a biocompatible photosensitizing agent such as ribofla-
vin. Previous stress–strain and inflation tests45,46 established
that the induced cross links between collagen fibers increase
the elastic modulus of the corneal tissue, thereby stiffening the
cornea. We measured the Brillouin modulus on bovine corneal
samples during the CXL procedure performed with riboflavin
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FIGURE 3. Comparison of Brillouin elasticity and structural images.
(a) Brillouin depth profile of the entire cornea including the epithelium
(I), anterior stroma (II), posterior stroma (III), and the innermost
region (IV). (b) Masson’s trichrome–stained image of 5-!m-thick cor-
nea section. (c) An SHG image of 5-!m-thick cornea section. Scale bar,
200 !m.
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FIGURE 2. Brillouin imaging of the cornea. (a) A cross-sectional Bril-
louin image of bovine cornea, revealing the decreasing modulus with
depth. The horizontal (x) and vertical (z) span is 5 % 0.5 mm. (b) En
face Brillouin image of the cornea optically sectioned at a shallow
depth. (c) A Brillouin image of a deeper section. Scale bars: (a) 200 !m;
(b, c) 1 mm.
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there was much less variation laterally at the same depth from
the corneal surface. Figures 2b and 2c show en face Brillouin
images of the same sample acquired along two horizontal
planes (x–y) as the eye was moved horizontally with respect to
the laser beam. A high degree of radial symmetry is observed in
the en face images throughout all depths.

Brillouin Profiles and Microstructure

Most of the corneal stroma consists of 200 to 500 layers of
flattened collagenous lamellae. Collagen fibril organization is
responsible for the mechanical strength of corneal stroma.38–40 In
the anterior one third of the stroma, collagen lamellae are thin
(!0.2–1.2 !m thick and 0.5–30 !m wide) and are positioned
obliquely to the corneal surface, sometimes interwoven. In the
posterior stroma, collagen lamellae tend to be arranged parallel
to the surface and are thicker (1.0–2.5 !m thick and 100 to
250 !m wide).41 To investigate the correlation between the
structure and elastic modulus of the cornea, we compared a
high-resolution axial profile of an intact cornea (Fig. 3a) with a
collagen-stained (Masson’s trichrome) image of the corre-
sponding corneal section (Fig. 3b). From the side-by-side com-
parison, we identified four distinctive regions: (I) the epithelial
region with low elastic modulus; (II) the anterior part of the
stroma characterized by the highest elastic modulus and a
steep downslope of the Brillouin modulus; (III) the posterior
region with a mild downslope; and (IV) the innermost region
near the endothelium, where the modulus decreases rapidly
with depth. The anterior (II) and posterior (III) regions in the
Brillouin image seem to correlate with the description of the
two regions with distinctively different collagen structures.40

To examine the microstructure, we performed second-har-
monic generation (SHG) microscopy of an unstained tissue
section harvested from the same cornea (Fig. 3c). Consistent
with previous observations in human, rabbit, and porcine cor-
neas,42–44 the SHG image of bovine cornea visualized the
collagen-rich structure in the stroma but little collagen in the
epithelium. The anterior part of the stroma shows a markedly
interwoven and intertwined organization of collagen fibers. In
the posterior and innermost region of the cornea, collagen
fibers mostly run parallel to the corneal surface. The qualitative

correlation between the magnitudes of Brillouin frequency
shift, and the SHG signal supports the hypothesis that the
collagen content and fibril organization may be the principal
determining factor of corneal elasticity.40

Axial Slopes and Mean Modulus

We measured the axial slopes in the anterior, posterior, and
innermost corneal regions (N " 4). In the anterior region
between 80 and 180 !m from the corneal surface, the average
slope was 1.09 # 0.26 GHz/mm (ignoring the negative sign of
the slope); in the posterior region between 300 and 550 !m,
the slope was 0.32 # 0.1 GHz/mm; and in the innermost region
between 680 and 780 !m, we measured a slope of 2.94 # 0.18
GHz/mm (Fig 4a). The Brillouin slope of each region was
statistically distinct (unpaired t-test P $ 0.001 for all two-group
comparisons). The mean longitudinal modulus of the four
tested samples was 2.7 # 0.02 GPa (Fig. 4b).

Brillouin Imaging of Corneal CXL

Next, we evaluated the potential of Brillouin imaging to mon-
itor corneal CXL. CXL promotes the formation of covalent
bonds between collagen fibers in the stroma by optical activa-
tion of a biocompatible photosensitizing agent such as ribofla-
vin. Previous stress–strain and inflation tests45,46 established
that the induced cross links between collagen fibers increase
the elastic modulus of the corneal tissue, thereby stiffening the
cornea. We measured the Brillouin modulus on bovine corneal
samples during the CXL procedure performed with riboflavin
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FIGURE 3. Comparison of Brillouin elasticity and structural images.
(a) Brillouin depth profile of the entire cornea including the epithelium
(I), anterior stroma (II), posterior stroma (III), and the innermost
region (IV). (b) Masson’s trichrome–stained image of 5-!m-thick cor-
nea section. (c) An SHG image of 5-!m-thick cornea section. Scale bar,
200 !m.
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FIGURE 2. Brillouin imaging of the cornea. (a) A cross-sectional Bril-
louin image of bovine cornea, revealing the decreasing modulus with
depth. The horizontal (x) and vertical (z) span is 5 % 0.5 mm. (b) En
face Brillouin image of the cornea optically sectioned at a shallow
depth. (c) A Brillouin image of a deeper section. Scale bars: (a) 200 !m;
(b, c) 1 mm.
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• Correlazione tra la struttura della 
cornea e il modulo elastico

• Elasticità della cornea con 
l’organizzazione del collagene (I, II, 
III, IV)

6

there was much less variation laterally at the same depth from
the corneal surface. Figures 2b and 2c show en face Brillouin
images of the same sample acquired along two horizontal
planes (x–y) as the eye was moved horizontally with respect to
the laser beam. A high degree of radial symmetry is observed in
the en face images throughout all depths.

Brillouin Profiles and Microstructure

Most of the corneal stroma consists of 200 to 500 layers of
flattened collagenous lamellae. Collagen fibril organization is
responsible for the mechanical strength of corneal stroma.38–40 In
the anterior one third of the stroma, collagen lamellae are thin
(!0.2–1.2 !m thick and 0.5–30 !m wide) and are positioned
obliquely to the corneal surface, sometimes interwoven. In the
posterior stroma, collagen lamellae tend to be arranged parallel
to the surface and are thicker (1.0–2.5 !m thick and 100 to
250 !m wide).41 To investigate the correlation between the
structure and elastic modulus of the cornea, we compared a
high-resolution axial profile of an intact cornea (Fig. 3a) with a
collagen-stained (Masson’s trichrome) image of the corre-
sponding corneal section (Fig. 3b). From the side-by-side com-
parison, we identified four distinctive regions: (I) the epithelial
region with low elastic modulus; (II) the anterior part of the
stroma characterized by the highest elastic modulus and a
steep downslope of the Brillouin modulus; (III) the posterior
region with a mild downslope; and (IV) the innermost region
near the endothelium, where the modulus decreases rapidly
with depth. The anterior (II) and posterior (III) regions in the
Brillouin image seem to correlate with the description of the
two regions with distinctively different collagen structures.40

To examine the microstructure, we performed second-har-
monic generation (SHG) microscopy of an unstained tissue
section harvested from the same cornea (Fig. 3c). Consistent
with previous observations in human, rabbit, and porcine cor-
neas,42–44 the SHG image of bovine cornea visualized the
collagen-rich structure in the stroma but little collagen in the
epithelium. The anterior part of the stroma shows a markedly
interwoven and intertwined organization of collagen fibers. In
the posterior and innermost region of the cornea, collagen
fibers mostly run parallel to the corneal surface. The qualitative

correlation between the magnitudes of Brillouin frequency
shift, and the SHG signal supports the hypothesis that the
collagen content and fibril organization may be the principal
determining factor of corneal elasticity.40

Axial Slopes and Mean Modulus

We measured the axial slopes in the anterior, posterior, and
innermost corneal regions (N " 4). In the anterior region
between 80 and 180 !m from the corneal surface, the average
slope was 1.09 # 0.26 GHz/mm (ignoring the negative sign of
the slope); in the posterior region between 300 and 550 !m,
the slope was 0.32 # 0.1 GHz/mm; and in the innermost region
between 680 and 780 !m, we measured a slope of 2.94 # 0.18
GHz/mm (Fig 4a). The Brillouin slope of each region was
statistically distinct (unpaired t-test P $ 0.001 for all two-group
comparisons). The mean longitudinal modulus of the four
tested samples was 2.7 # 0.02 GPa (Fig. 4b).

Brillouin Imaging of Corneal CXL

Next, we evaluated the potential of Brillouin imaging to mon-
itor corneal CXL. CXL promotes the formation of covalent
bonds between collagen fibers in the stroma by optical activa-
tion of a biocompatible photosensitizing agent such as ribofla-
vin. Previous stress–strain and inflation tests45,46 established
that the induced cross links between collagen fibers increase
the elastic modulus of the corneal tissue, thereby stiffening the
cornea. We measured the Brillouin modulus on bovine corneal
samples during the CXL procedure performed with riboflavin
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FIGURE 3. Comparison of Brillouin elasticity and structural images.
(a) Brillouin depth profile of the entire cornea including the epithelium
(I), anterior stroma (II), posterior stroma (III), and the innermost
region (IV). (b) Masson’s trichrome–stained image of 5-!m-thick cor-
nea section. (c) An SHG image of 5-!m-thick cornea section. Scale bar,
200 !m.
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FIGURE 2. Brillouin imaging of the cornea. (a) A cross-sectional Bril-
louin image of bovine cornea, revealing the decreasing modulus with
depth. The horizontal (x) and vertical (z) span is 5 % 0.5 mm. (b) En
face Brillouin image of the cornea optically sectioned at a shallow
depth. (c) A Brillouin image of a deeper section. Scale bars: (a) 200 !m;
(b, c) 1 mm.
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Cross-linking: tecnica chirurgica per la 
cura di malattie dell’occhio

GHz

Scarcelli, Kling, Quijano, Pineda, Marcos & Yun, IOVS 54, 1418 (2013) 



Laboratorio presso University of Maryland, College Park
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Eye-tracking
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x-y fissato
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Cronoprogramma
I Anno (@ UniBa)

• Studio bibliografico delle tecniche di eye imaging/tracking
• Avvio della progettazione e implementazione di un apparato di eye

tracking: prove su modello di occhio

II e III Anno (@ UniBa / College Park)

• Implementazione dell’apparato di eye-tracking per uso su occhi 
(ottimizzazione, test di robustezza, ecc…) 

• Implementazione ed utilizzo del sistema di eye-tracking nel 
microscopio Brillouin per uso clinico
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