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PURPOSE. To describe the application of scanning acoustic microscopy in the GHz-range (GHzSAM) for qualitative imaging and quantitative characterization of the micromechanical
properties of the Descemet’s membrane and endothelial cells of cornea tissue.
METHODS. Investigated were samples of a normal tissue and a tissue with Fuchs’ endothelial
dystrophy (FECD, cornea Guttata). Descemet’s membranes were fixed on glass substrates and
imaged utilizing a focused acoustic lens operating at a center frequency of 1 GHz.
RESULTS. GHz-SAM data, based on the well-established V(z) technique, revealed discrepancies
in the velocity of the propagation of Rayleigh surface acoustic waves (RSAW). RSAW were
found to be slower in glass substrates with FECD samples than in the same glass substrates
(soda-lime) with normal Descemet membrane, which indicates lower shear and bulk moduli
of elasticity in tissues affected by FECD.
CONCLUSIONS. Noninvasive/nondestructive GHz-SAM, is utilized in this study for the imaging
and characterization of Descemet membranes, fixated on glass substrates. V(z) signatures
containing sufficient oscillations were obtained for the system of Descemet membranes on
glass substrates. The observed variation in the microelastic properties indicates potential for
further investigations with GHz-SAM based on the V(z) technique.
Keywords: GHz-SAM, quantitative biomechanics, FECD, Descemet membrane, endothelial
cells

uchs’ endothelial dystrophy (FECD) is a corneal disease
accompanied by abnormality of the Descemet membrane
indicated by polymegethism (irregularly shaped cells) and
polymorphism (variable shape of cells) in addition to a
considerable loss of the multifunctional, nondegenerative,
corneal endothelial cells.1–3 The progressive decrease of cell
density is accompanied by an increase in the deposition of the
extracellular matrix and thickening of Descemet membrane
that accumulates in the form of granular guttae leading to
corneal edema and decreased visual acuity.3,4 FECD is
associated with genetic mutations,4–7 as well as environmental
influences,7 age and sex8 among other possible factors.
In recent years, many techniques have been employed for
encoding the pathology and physiology of FECD. Besides
molecular genetic techniques,5 confocal and specular microscopy,1,9 retroillumination photography,10 and optical coherence tomography were used to follow pathomorphologic
changes in FECD.11 Different approaches were also involved
to elucidate the biomechanical basis of FECD. Ultrasonic
pachymetry, for instance, has related the thickening of the
center of corneas to the degree of severity.8 Transmission
electron microscopy (TEM) and quantitative dynamic atomic
force microscopy (QD-AFM) have shown that the mechanical
properties as well as the internal structures of the cornea are
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altered considerably in FECD.12 The biomechanics of FECD has
also been studied by the ocular response analyzer (ORA).
Despite these valuable efforts, the detailed mechanisms of the
biomechanical alterations remain undiscovered.12 In the
presented work, SAM in the GHz-frequency band is employed
for the quantitative investigation of cornea tissue (Descemet
membrane) with FECD in comparison to normal cornea
(Descemet membrane).

METHODS
Scanning Acoustic Microscopy
Scanning acoustic microscopy in the GHz-band (GHz-SAM)
enables the noninvasive and nondestructive assessment of the
microelastic properties of objects including optically opaque
materials and imaging with microscopic resolution in 1 lm
regime without the need for histological staining. GHz-SAM is
also a unique technique with respect to its superior sensitivity
to surface and subsurface regions and its contrast mechanism
which provides access to the mechanical properties. The
comprehensive description of the working principle of the
acoustic microscope can be found elsewhere.13,14 Briefly, in a
reflection acoustic microscope, a piezoelectric transducer
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mounted on the back surface of an acoustic lens (mostly made
of sapphire) receives a short electric RF pulse (approximately
10–30 ns in duration) that it converts into a mechanical wave.
This acoustic wave then propagates through the sapphire rod
and is focused sharply by the spherical cavity of the lens,
located opposite to the piezo element, into a diffraction
limited point. The signal that is reflected by the sample is
then collected back by the acoustic lens and converted into
an electric signal by the piezo element. The micrograph is
then formed by scanning in two dimensions and processing
the reflected signal into a grayscale map. By translating the
lens perpendicular to the scan direction, an elastomechanical
information about the underlying surface of the examined
sample is obtained. A specific capability of SAM that enables
the assessment of acoustic surface and/or interface waves is
based on the variation of the reflected signal with the defocus
distance of the transducer, abbreviated as V(z), and called
material signature, which is discussed in the following
section. The contrast in SAM is generated upon the variations
of several parameters of the scanned area, namely the mass
density, the velocity of propagation of ultrasound which is
directly related to the elastic moduli, the thickness and the
topography of the examined object. The contrast is sensitive
to the distance between the lens and the sample as
manifested by the V(z) curve which involves interference
phenomena with additionally excited wave modes.13,15,16 In a
large number of scientific publications, SAM has been shown
to facilitate quantitative (parametric) imaging of many
biological tissues and single cells.17–23 Recently, it has also
been utilized for the mapping of the microelastic properties
of cornea tissues.24

Output Signal Voltage in Dependence on the
Defocus Distance V(z)
A specific feature of SAM, when strongly focused transducers
are utilized for imaging, is that the imaging contrast varies
considerably with the distance between the acoustic lens and
the specimen, enabling the visualization of subsurface regions
depending on the acoustic properties of the specimen25 and
the numerical aperture of the acoustic lens. Acoustic waves
incident at the Rayleigh critical angle, excite Rayleigh surface
acoustic waves (RSAW), provided that the surface of the
imaged sample supports the propagation of such waves.
Rayleigh waves can be excited and detected by appropriate
defocusing utilizing an acoustic lens with a sufficiently large
aperture opening angle that exceeds the critical angle for
exciting Rayleigh waves. Figure 1 illustrates the excitation and
detection of RSAW by defocusing the acoustic lens toward the
sample.26 Ray 1, which is incident on the sample at the
Rayleigh angle excites a RSAW which propagates in the
surface of the sample and leaks energy back into the couplant
and thus, excites a compressional wave in the fluid under the
Rayleigh angle. A ray that propagates along a path symmetrical to ray 1, (ray 4) to the transducer interferes with the
specular ray (ray 3). The voltage value of the resulting
(summed) signal, therefore depends on the lens-sample
distance (z) and the wavelengths in the couplant. As the
spacing ‘‘z’’ changes, the relative phases of the rays 1 and 4
vary, so that the superposition alternates between constructive and destructive interference. This effect considerably
contributes to the contrast in the acoustic micrographs. A
plot over the defocus results in an interference pattern
referred to as the V(z) curve containing minima and maxima
according to the interference of the two wave modes.27,28
The period of the resulting oscillations Dz, in the V(z) curve,
can be calculated from the phase relations and forms the base
for calculating the velocity of the RSAW26 in the sample
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FIGURE 1. Illustration of the different rays that can contribute to the
formation of the V(z) collected by a negatively defocused lens
(defocusing toward the sample).

surface. The V(z) signature can finally be presented mathematically as29:
Z p
2
V ð zÞ ¼ 2p
P ðhÞRðhÞexp½i2kz cos h cos h sin hdh ð1Þ
0

where P(h) is the pupil function that expresses the angular
emission and detection properties of the acoustic lens, and h
as the angle of incidence. The integral in Equation 1 considers
the overall geometrical contribution that ranges from 08 to the
opening of the semiaperture hSA, R(h) is the reflectance
function, describing the amplitude and the phase of reflected
waves as a function of the incidence angle h, and (k) is the
propagation factor, defined as k ¼ 2pf/v , with f being the
acoustic frequency and V0 the velocity of propagation of the
acoustic wave in the coupling fluid. The periodicity Dz of the
oscillations in the V(z) curve is defined as:
Dz ¼

k0
2ð1  coshR Þ

ð2Þ

where, k0 is the wavelength of the acoustic waves during
propagation in the coupling fluid and hR is the Rayleigh
critical angle. The velocity of propagation of the Rayleigh
surface acoustic waves VR can be expressed in terms of the
ratio to the critical angle hR as:
VR ¼ V0=sin hR

ð3Þ

The velocity of Rayleigh surface acoustic waves is related to
the velocity of the shear (Vs) and compressional waves (Vl)
propagating in isotropic samples, for the same Possion’s ratio
as29,30:
"
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Ultrasonic Measurements
Imaging was performed with a scanning acoustic microscope
(ELSAM, Ernst-Leitz Scanning Acoustic Microscope; PVA TePla
Analytical Systems, GMBH, Deutschordenstrasse 38, 73463
Westhausen, Germany), which allows imaging at a frequency
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TABLE 1. The Calculated Mean Velocities of Perturbed RSAW in Glass
With the Normal Descemet Membrane for Areas 1, 2, and 3 Depicted in
Figure 3A
Mean Value of VR
of the Glass Substrate, m/s

Area
Region 1, the entire scan area
(square 1)
Region 2 (rectangular area 2)
Region 3 (rectangular area 3)

2223 6 7
2223 6 7
2216 6 7

Figure 2A. Cornea samples were then fixated in 2% glutaraldehyde for 10 minutes. During the acoustic investigations the
samples remained preserved in isotonic saline solution. The
followed procedure was approved by the Regional Hospital
Center of Metz-Thionville Ethic committee and by the French
Ophthalmology Society Ethic Committee (IRB 00008855
Société Française d’Ophtalmologie IRB#1).

RESULTS

FIGURE 2. (A) Cornea tissue sample stabilized between a soda-lime
substrate and a cover glass with 5-mm window for imaging and fixated.
(B, C) Acoustic GHz-micrograph of 500 lm2 size, recorded at 1 GHz
with the acoustic lens focused on the top surface of the glass substrate
for samples of normal cornea tissue (B) and cornea tissue with guttata
(C). The white arrows in (C) indicate examples of guttata with the
granular structures characteristic of guttata endothelia.

range of 400 MHz to 2 GHz. A stack of images was taken by
scanning in C-mode, while translating the acoustic lens in axial
direction which is perpendicular to the scanning plane
(regarded as z-direction), starting slightly further from the
focal plane and moving stepwise, passing through the focal
region toward the sample (z in Fig. 1). More steps of scanning
were performed in the z direction (subsurface imaging),
where the corresponding V(z) curves carry the information
about the surface acoustic waves (SAW) and their interferences. All measurements were performed at a center frequency of
1 GHz. The stack of images in each measurement lasts about 10
minutes.

Sample Preparation
Normal Descemet membrane and endothelial cells of normal
cornea tissue as well as Descemet membrane and endothelial
cells affected by FECD were prepared for the acoustic GHzmicroscopy inspections. A FECD sample was collected from
corneal transplant surgery of a 70-year-old patient (during
Descemet membrane Endothelial Keratoplasty [DMEK] procedures)31,32 and preserved in BSS Compose solution (intraocular
irrigation solution for ophthalmic surgery, isotonic saline
solution; Alcon Laboratories, Rueil-Malmaison, France), whereas, the normal cornea tissue was obtained from donations (age
of the donor was 75 years). The dissection of the Descemet
membranes were performed manually by an experienced
surgeon (J-MP) in aseptic surgical conditions and in an
appropriate surgical room. Descemet membrane and endothelial corneal cells samples (corresponding to 15-lm thickness)
were immobilized between soda-lime glass substrates and
cover glasses with a 5 mm window which allowed scanning
(maximum possible scan area was 4 mm2) as illustrated in
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DISCUSSION

The acoustic micrographs (Figs. 2B, 2C) are rich in contrast
which implies sufficient dynamics in the acoustic and
consequently in the mechanical properties of the inspected
specimen. The contrast in the images is built up from a
collective contribution of the variations in elasticity, density,
acoustic attenuation and wave mode conversion. Figure 2B
depicts a normal corneal tissue with a few number of
endothelia. The morphologic changes that manifested as
granular guttae are clearly evident in Figure 2C as typically
reported for FECD in confocal and specular imaging.9,33 The
V(z) curves shown in Figures 3B (a, b, and c), and 4B (a, b, c,
and d) are the result of the interference effects between bulk
waves reflected at the various interfaces and the leaky surface
acoustic waves. Perturbed Rayleigh waves are excited on the
glass substrate and propagate along the surface of the cornea
tissue. The V(z) data were extracted at different positions along
the sample surface, where the tissue is perfectly aligned and no
elevations are apparent. The V(z) curves were utilized to
comparatively investigate the microelastic properties of the
cells and the formed tissue (Descemet membrane), in healthy
conditions as well as in tissues with cornea Guttata. The
calculated velocity of the Rayleigh waves VR for the glass
substrate beneath the cornea tissues in the areas marked by the
frames and enumerated as 1 (for the entire area), 2, and 3 in
Figure 3A and as 1, 2, 3, and 4 in Figure 4A are provided in
Tables 1 and 2. Table 3 summarizes the calculated mean value
between the normal and FECD Descemet membranes. The
relatively large velocity variations between the two cases of
Descemet membranes (normal and FECD), for the same
substrate (soda-lime glass) and coupling fluid (saline solution),
are likely attributed to the variations in the elasticity between
the two tissues conditions.34 The value of RSAWs velocity
depends primarily on the shear wave velocity,35 therefore,
TABLE 2. The Calculated Mean Velocities of Perturbed RSAW in Glass
With Descemet’s Membrane with FECD for Areas 1, 2, 3, and 4
Depicted in Figure 4A
Mean Value of VR
of the Glass Substrate, m/s

Area
Region
Region
Region
Region

1
2
3
4

(rectangular
(rectangular
(rectangular
(rectangular

area
area
area
area

1)
2)
3)
4)

2146
2160
2158
2164

6
6
6
6

8
8
8
8
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TABLE 3. The Calculated Mean Velocities of Perturbed RSAW in Glass
With the Normal Descemet Membrane and Descemet Membrane with
FECD

FIGURE 3. (A) The acoustic micrograph in 2A with frames indicating
the regions 1, 2, and 3 for which V(z) curves were generated. (B)
Averaged V(z) curves computed from the data taken from a stack of
images for the areas marked by the frames in (A). Graphs a, b, c
correspond to areas of interest 1, 2, 3, respectively. The beak of
amplitude at z ¼ 0 lm corresponds to the collected signal when the
lens was focused at the glass substrate and the oscillations at the
negative defocus (z) correspond to the signal collected by defocusing
toward the sample.
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Cornea Tissue

Mean Value of VR
of the Glass Substrate, m/s

Normal Descemet membrane
Descemet membrane with FECD

2221 6 7
2168 6 6

RSAWs are related to the shear modulus and bulk modulus of
elasticity through Poisson’s ratio.29,36
V(z) is sensitive to the presence of the variations in the
microstructure and the related microelasticity that are mapped
in a high intensity contrast, constructing a signature of the
imaged materials.26,14 Generally, the formation of V(z) curves for
samples that involve soft tissues such as biological samples is
influenced by the strong attenuation within these materials
particularly at frequencies as high as 1 GHz.37 Nevertheless, the
observed V(z) curves have sufficient oscillations. The observed
V(z) signature results from the interferences of the waves that
are incident at a Rayleigh angle of soda-lime glass after
propagating through the tissue, ensuing leaky Rayleigh waves
that interfere with specular waves reflected from the different
interfaces, (substrate-sample and sample-coupling fluid). The
presence of the sample layer on the glass substrate causes
perturbation of the Rayleigh surface acoustic wave,38,39 so that it
causes variation of the relative phase between the two signals
that have the most significant contributions to the complex
reflectance and consequently to the V(z) (the signals from onaxis waves and waves that impinge on the glass-water interface
at the Rayleigh angle) of the glass substrate. Such phase changes,
are known to be sensitive to the variations in the Young’s
modulus and the density of the material as quantified by
Maebayashi et al.40 for thin films of polymer layers.
The variation in the biomechanical properties of the
Descemet membranes of cornea tissues with guttata compared
to normal membranes, has led to variations in the interference
patterns and consequently in variation in the resulting V(z)
signature and thus, the computed velocity of propagation of
the perturbed Rayleigh wave. Originally, the cornea is a
viscoelastic tissue composed of collagen and cells that packed
in an orderly lamellar arrangement with no blood vessels.41
Collagen and elastin are responsible, among other constituents,
for the strength and elasticity of a tissue.42 It has been shown
in previous studies that DM in normal and FECD corneas have
the same collagen types but with slight discrepancy of the
collagen chains.43 DM in FECD is reported to be thicker than in
normal DM. It contains abnormal posterior collagenous layers
(banded and fibrillar) that account for the increase in
thickness.44 The concluded variations in the micromechanical
properties could be a consequence of accumulated changes in
the tissues microstructure and consequently in its microelastic
properties. The biomechanical properties of cornea have been
reported as being altered in cases of FECD, where a significant
decrease in corneal hysteresis (CH) and corneal resistance
factor (CRF) than in normal eyes with a significant elevation in
the intraocular pressure (IOPcc) than in normal cases have
been quantified.45 Corneal dehydration, which is normally
performed by the endothelia of the normal corneas by
functioning as both a barrier to fluid movement into the
cornea and as an active pump that moves ions46 and draws
water osmotically from the stroma into the aqueous humor, is
known to be altered in FECD. The reduced corneal endothelium cell density in FECD results in a decrease of the
dehydration capacity46,47 which likely contributes to a
decreased stiffness (Young’s modulus) of Descemet membrane
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FIGURE 4. (A) The acoustic micrograph in 2A with frames showing the regions 1, 2, 3, and 4 for which V(z) curves were generated. (B) Averaged
V(z) curves computed from the data taken from a stack of images obtained for the areas marked by the frames in (A). Graphs a, b, c, d correspond to
areas of interest 1, 2, 3, 4, respectively. The beak of amplitude at z ¼ 0 lm corresponds to the collected signal when the lens was focused at the glass
substrate and the oscillations at the negative defocus (z) correspond to the signal collected by defocusing towards the sample.

with FECD.48 FECD is also known to develop edema that is
clinically detectable only at the most advanced grade.46 The
decreased elasticity in Descemet membrane with FECD
observed in the present study, can likely be attributed to the
structural changes induced by FECD in to the Descemet
membrane that are known to result in a decreased stiffness in
terms of Young’s modulus of elasticity.12

CONCLUSIONS
The present work aims to contribute to gaining a further
understanding of the alterations in the biomechanical properties in Descemet membranes with FECD. V(z) signatures
containing sufficient oscillations were obtained for the system
of Descemet membranes on glass substrates. The observed
discrepancies in the propagation velocity of perturbed RSAW of
the glass substrate, between the two cases (glass with normal
Descemet membranes and glass with Descemet membranes
that has guttata), which is related to a corresponding variation
in the microelastic properties, indicate potential for further
investigations based on the V(z) technique. The observations
described here may direct further attention to the influence of
the changes in the micromechanical properties of FECD in
inducing, promoting, or distinguishing FECD.
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