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Multilayer Analysis: Quantitative Scanning
Acoustic Microscopy for Tissue

Characterization at a Microscopic Scale
Kay Raum, Member, IEEE, Klaus V. Jenderka, Member, IEEE, Albrecht Klemenz, and Jörg Brandt

Abstract—An in vitro acoustic microscopy method for
the quantitative characterization of biological hard tissues
at a microscopic scale is described. At a frequency of
900 MHz, the acoustic impedance is measured as a tissue
parameter, which is closely related to its elastomechanical
properties. Contrast influences caused by defocus, edges,
and surface inclinations, respectively, are either compen-
sated or excluded from the measurement by a special data
acquisition and analysis concept. A raster grid was used to
validate the capabilities and limitations of the method, and
results obtained from human cortical bone are shown. The
comparison of different evaluation methods demonstrate
the significance of a sophisticated analysis under consid-
eration of topographical and system parameters. Cortical
bone impedance maps showed a strong dependence on the
anatomical structures, and the mean values were found to
be in the range from 3.5 to 6.5 Mrayl within one single
osteon.

I. Introduction

Biological tissue is usually composed of different con-
structive units of varying size and properties, which re-

sults in heterogeneous acoustic properties. For the in vivo
characterization of the structural and mechanical proper-
ties of bone, ultrasound methods with wavelengths and
beam dimensions much larger than the dimensions of the
building units usually are applied. The measured bulk pa-
rameters are influenced by scattering, interference, and
diffraction of the waves during the propagation through
the tissue. These parameters are dependent on the com-
position, structure, and mechanical properties. Extensive
work done on low frequency bone characterization aimed
to quantify the individual influences [1]–[9], and empiri-
cal correlations between functional mechanical parameters
(e.g., mineralization, bone density, porosity) and acousti-
cal quantities (e.g., reflection coefficient, speed of sound,
broadband attenuation) have been found in different fre-
quency ranges [10]–[17]. However, a physical model that
could explain the individual influences of structural and
constitutional properties of the bone compound on the
sound propagation properties does not yet exist [18].
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Scanning acoustic microscopy (SAM) can be used for in
vitro investigations in which the dimensions of wavelength
and lateral resolution are comparable to the microscopic
constructive units. Since its introduction by Lemons and
Quate [19], SAM has become an attractive tool for ma-
terial characterization as well as for the investigation of
biological tissues. One of the prominent features for ma-
terial characterization of solids is the measurement of sur-
face wave velocities from oscillations in the so-called V (z)-
curve. This arises from the generation of leaky surface
waves in high velocity materials and its interference with
reflected waves, while the acoustic lens is moved succes-
sively toward the surface of the sample. The dependence
of the received voltage on the distance z from the focal
position is:

V (z) =

π/2∫

0

P (θ)R(θ)e−i2zk cos θ sin(θ) cos(θ)dθ,
(1)

where θ is the angle between the beam axis and the normal
vector of the surface, and k = 2π/λ is the wave number.
P (θ) and R(θ) are the pupil function of the lens and the
complex reflectance function, respectively [20]. If the sam-
ple surface is positioned at the focus, all parts of the in-
coming spherical wave front are in phase, and plane wave
propagation can be assumed. The reflection is then propor-
tional to the angular dependent reflectance function R(θ):

R(θ) =
Z1 cos2 2θS + Zs sin2 2θS − Z1

Z1 cos2 2θS + ZS sin2 2θS + Z1
, (2)

Z1 =
ρ1v1

cos θ
, Zl =

ρ2vl

cos θl
, Zs =

ρ2vs

cos θs
, (3)

β = k1 sin θ = kl sin θl = ks sin θs, (4)

where Zi = ρi · vi are the acoustic impedances (ρ is the
mass density, v the sound velocity). The indices l and s
correspond to longitudinal and shear waves, respectively
[20]. Under the condition of normal incidence (surface of
the sample is perpendicular to the beam axis), the gen-
eration of shear waves is not possible, and the reflectance
function can be replaced by the reflection coefficient R:

R =
Z2 − Z1

Z2 + Z1
. (5)

The indices 1 and 2 are for the coupling fluid and the
sample, respectively.
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Although there are reports of V (z)-measurements on
highly mineralized tissues such as dentin using high fre-
quency SAM [21], [22], this technique has never been
proved to be suitable for the investigation of bone. The
alternate method is the well-known C-scan, in which the
reflection from the surface is measured over a rectangular
scan area. A major requirement for a quantitative analysis
is a well prepared, flat surface in order to avoid artifacts
caused by surface inclinations. It usually is assumed that
this requirement is satisfied by careful sample preparation
and adjustment [16], [23]–[26]. However, there are certain
limitations, if biological materials are to be investigated at
very high frequencies. Mechanical preparation techniques
will remove softer materials more easily than stiffer ones,
which always will lead to a remaining surface roughness in
heterogeneous materials with varying mechanical proper-
ties [24]. Other problems arise from imperfections in the
flatness of the scan plane of the microscope and in cases
in which the sample surface is not perfectly parallel to
the scan plane. At very high frequencies, the dimensions
of these variations become comparable to the depth of fo-
cus of the acoustic lens. Therefore, it is necessary to sep-
arate topographical influences in the image contrast from
those caused by varying material properties. The Multi-
layer analysis procedure (Raum et al. [27]–[29]) aims at
finding and quantifying, for each scanned point, the re-
flected signal amplitude at the focus of the lens that is
directly related to the material properties.

II. Experimental Procedure

A. Experimental Setup

A scanning acoustic microscope KSI SAM 2000
(Krämer Scientific Instruments, Herborn, Germany) with
a broadband lens (0.8 to 1.3 GHz) and a semi-aperture
angle of 50◦ was used. The lens was excited by a 900 MHz
burst. The burst length is approximately 20 ns. In or-
der to provide stable measurement conditions, the samples
were completely immersed in a temperature-controlled wa-
ter tank. All measurements were made with distilled, de-
gassed water at 25◦C. The lateral resolution under these
conditions is approximately 1 µm, and the depth of focus
is 7 µm, respectively. The microscope is equipped with
a heterodyne circuit for amplitude detection of the ra-
dio frequency (RF) signal. In order to gain better con-
trol over existing hardware, custom hard- and software
(ELIPS, CIRAMC, Windsor, Canada, and Q-BAM, Halle,
Germany) was developed. A 330 kHz A/D card (PC30F,
Eagle Technology, Cape Town, South Africa) converts the
demodulated, integrated video signal with a resolution of
12 bit. Several images can be averaged in order to cancel
mechanical noise and to further improve the voltage sensi-
tivity. The software provides full access to RF-circuit set-
tings of the microscope and controls the mechanical scan-
ner together with precise z-stage positioning. Choosing the
appropriate RF-gain and input voltage range allows acqui-

TABLE I
Density, Longitudinal Sound Velocity, and Acoustic

Impedance of the Reference Samples Used for Calibration

(standard error in %).

Longitudinal
Density sound velocity Impedance

Material (g/cm3) (m/s) (Mrayl)

Polycarbonate 1.20 (0.01) 2310 (0.37) 2.77 (0.38)
PMMA 1.18 (0.01) 2730 (0.27) 3.22 (0.28)
Suprasilr 2.21 (0.01) 6050 (0.08) 13.37 (0.09)

Fig. 1. A high frequency focused field, produced by an acoustic lens,
is scanned in a plane parallel to the sample surface (a). For a MLA, a
set of C-scan images with successively decreasing distances between
lens and surface is acquired. The measurement starts at a z-position
with obvious positive defocus and ends at a position with obvious
negative defocus, respectively (b). The distance between adjacent
acquisitions should be a fraction of the depth of focus of the lens. A
specially developed software is used to find amplitude and position
of the maximum in the V (z)-signal for each xy-scan position (c).

sition of images with close to linear relationship between
voltage and acoustic reflectivity. Digital images with a size
of up to 512 by 512 pixels are stored with a resolution of
8 bit. Scan sizes ranging from 70 µm up to approximately
1 mm squared are possible. With the ELIPS software, a
set of C-scan images at successively decreasing z-positions
can be measured. The image set is captured and stored
automatically. Special software was developed for the data
analysis using Matlab 6.1�(Mathworks Inc., Natick, MA).

B. Samples

A raster grid was used for the calibration of the spa-
tial parameters of the system. The grids have a spacing of
10 µm and a bar width of 2 µm, respectively. The elevation
of the plateaus is approximately 0.3 µm.

A variety of homogenous materials served as references
for impedance calibration (polycarbonate; polymethyl-
methacrylate, PMMA; quartz glass, Suprasil�, Heraeus
Quarzglas GmbH & Co. KG, Hanau, Germany). Speed
of sound and mass density of these materials were de-
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(a)

(b)

Fig. 2. Maximum image (a) and topography (b) of a raster grid plate.
The values along the arrows in the images are drawn below [(c) and
(d)]. The z-position in (b) and (d) is determined by the position of
the maximum in the V (z)-curve for each xy-scan position. Locations
with a significant surface inclination or edges have a decreased signal
amplitude in the maximum image.

termined by a low-frequency substitution method and by
Archimedes’ principle, respectively (Table I).

Proximal cortical bone sections were obtained from
human cadaver femora approximately 10 cm beneath
the femoral head. After dehydration, the specimens were
embedded in PMMA. The addition of a softener (5%
dibuthylphtalate) ensured optimal conditions for the fol-
lowing mechanical preparation. After cutting the sample
perpendicular to the femoral long axis, the surface was
prepared by a grinding and polishing procedure down to a
grain size of 0.25 µm.

C. Multilayer Analysis Procedure

With the proposed multilayer analysis (MLA), a set
of C-scan images is acquired (Fig. 1). Starting from a
z-position, in which the focus of the lens is well above
the sample surface (positive defocus), images are captured
with a successively decreasing lens-surface distance. The
image acquisition is stopped when the focus is well below
the surface everywhere in the scanned image (negative de-
focus). Positive as well as negative defocus conditions are
characterized by significantly decreased signal amplitudes.
The z-distance between two adjacent images should be a
fraction of the depth of focus of the lens. In this way it is
guaranteed that each scanned surface point is measured at
or close to the focus once. The three dimensional data set is
then resampled in z-direction using an anti-aliasing finite-
impulse-response lowpass filter (built-in resample function

Fig. 3. Histograms of the calculated local inclination angles of the
raster grid plate for different scan fields. Larger scan increments lead
to an underestimation of the angle of incidence (a). A correction is
possible for scan sizes up to (500 µm)2 (b).

of the signal processing toolbox of Matlab 6.1�) in order to
avoid spatial frequency components, which are larger than
the initial sampling frequency in z-direction [Fig. 1(c)].
The new sampling increment can be in the order of a frac-
tion of the acoustic wavelength.

The confocal position at each xy-scan point corresponds
to the position of the maximum signal amplitude in the
z-direction. Although the value of the maximum is pro-
portional to the reflectivity, the position is a measure of
the distance between an arbitrary xy-scan plane and the
sample surface. These values are used to compute the two-
dimensional surface topography and a topographically cor-
rected amplitude map. The accuracy of the reconstruction
of the topography is improved by applying a circular mean
filter with a diameter equal to the beam width of the lens.
For each point the gradients in x and y directions are deter-
mined, which allows an estimation of the local inclination
angles.
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Fig. 4. Mean and standard error of the voltage values of the maximum
image from Fig. 2(a) as a function of the local inclination angle (a).
The voltage is negative because of a negative offset of −5 V. Up to the
critical angle of total reflection, the amplitude decreases continuously
(at 7◦ the amplitude is 1.35% less compared to the value at 0◦). Mode
conversions cause an increase for higher angles. The values at 0◦ as
well as the shapes of the signals are almost identical for all scan sizes
up to the critical angle, except for the (1000 µm)2 scan field (b).

III. Results

A. Validation on a Raster Grid

Fig. 2 shows the reconstructed maximum map and the
topography of the raster plate. The images were computed
from 15 C-scan images. It can be seen in the topography
that the xy-scan plane is not perfectly flat and the whole
plate is slightly tilted. A system-dependent limitation is
that the maximum number of pixels per scan line is 512.
This causes aliasing, when larger scan fields are imaged
with a high resolution lens. For the lens used here, the scan
increment becomes comparable to the lateral resolution
for a scan size of 500 µm by 500 µm. Therefore, this is
the maximum scan field for which the topography can be
reconstructed correctly.

Fig. 5. Reflected amplitudes of the reference materials as a function of
the RF-gain setting (a). Because of the nonlinear behavior, a reliable
calibration (b) is only possible for certain gain settings (solid lines
for this lens and impedance range).

The axial resolution of the MLA does not depend on
the pulse length but on the depth of focus. The accuracy
of the estimation of the focal position is of particular im-
portance. A very high number of image acquisitions with
a small increment in z-direction is not useful because the
V (z)-signal does not contain spatial frequency components
higher than the reciprocal of the depth of focus. There-
fore, the resampling method mentioned above is sufficient
to achieve an accuracy in the order of a fraction of the
wavelength.

The values in the maximum image in Fig. 2(a) are a
measure of the amplitude of the waves, which were re-
flected at the focus of the lens. Therefore, they are depen-
dent only on the reflectivity of the material and on the
local inclination. If the beam axis is not perpendicular to
the surface, a part of the reflected wave is directed away
from the transducer. However, the magnitude of the re-
flectance function usually decreases continuously until the
critical angle for the total reflection of the longitudinal
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Fig. 6. Maximum and topography images of an osteon [(a) and (b)]. The Haversian channel (which is filled with the embedding material) in
the center is surrounded by alternating lamellae of mineralized collagen fibers. Adjacent to the circular osteon, fractions of less structured
secondary osteons are visible. The small dark spots are cavities, which used to host bone cells. The values along the plotted lines in the
images are drawn in (c) and (d).

wave is reached. For angles higher than the critical an-
gle, the reflection cannot be characterized easily anymore.
Therefore, it is useful to determine the local inclination
of the surface from the topography map in order to dis-
tinguish between normal and oblique incidence reflections.
It is necessary to take into account the effects caused by
discrete data. It can be seen in the histogram of the incli-
nation angles that, for small scan areas the distributions
are equivalent, but larger scan increments lead to an un-
derestimation of the local inclination [Fig. 3(a)]. Except
for the largest scan field, a simple correction is possible
by multiplying the estimated inclination angles with scan
field-dependent factors [Fig. 3(b)].

The dependence of the signal amplitude on the angle of
incidence is seen in Fig. 4. Due to the high sound veloc-
ity in the raster plate, there is a continuous decrease up
to an angle of 7◦. The difference between minimum and
maximum is 1.35%. For higher angles there is an increase
again. However, because of the small amount of pixels, the
standard error is increased correspondingly.

In compact bone the value of the longitudinal wave ve-
locity usually is much less than 5000 m/s. A correspond-
ing critical angle would be approximately 17◦. For angles
much smaller than this, the complex reflectance function
can be approximated by the reflection coefficient. Because

the magnitude of the reflectance function at 10◦ is 1.63%
less compared to the value at normal incidence for PMMA,
a cutoff angle of 10◦ was chosen for an inclination exclusion
map in previous works [27]–[31]. Alternatively, the slope of
the angle-dependent values can be used to extrapolate the
value at normal incidence.

B. Impedance Calibration

For the points with a sufficiently small angle of inci-
dence, the measured voltage should be proportional to
the reflection coefficient. The SAM image sets were ac-
quired at various RF-gain settings for the different refer-
ence samples. Nonlinear regression was performed for the
correlation between the maximum voltage values and the
corresponding calculated reflection coefficients. Nonlinear
regression was used in order to compensate for saturation
effects, which occurred in the RF-electronics at higher am-
plitudes (Fig. 5). Only the gain settings with a minor non-
linearity were used for the measurements on bone.

The reproducibility of the impedance estimation was
quantified by measuring a PMMA reference sample 20
times within 1 week. Calibrated RF-gain settings as well
as the operating time to measurement were arbitrary.
Mean and standard error of the estimated impedance were
3.26 ± 0.13 Mrayl.



512 ieee transactions on ultrasonics, ferroelectrics, and frequency control, vol. 50, no. 5, may 2003

Fig. 7. Three-dimensional reconstruction of the bone surface from
Fig. 6. A considerable surface roughness is visible mainly in the re-
gion of the osteon. The elevated lamellae exhibit a higher degree of
reflectivity.

C. Characterization of Bone

The application of the MLA method on compact bone
is illustrated in Fig. 6. The maximum and topography im-
ages were reconstructed from 17 individual C-scan images.
They show a typical example of a cross section of compact
bone. In the center there is an osteon with the Haversian
channel (which is completely filled with the embedding
material) and alternating mineralized collagen lamellae.
Adjacent to the osteon parts of so-called secondary os-
teons are visible. Large variations of the reflectivity can
be particularly seen in the osteon. It should be noted that
higher values in the maximum image are well correlated
with an elevation in the topography map (Fig. 7). The
average distance between two elevated lamellae is approx-
imately 8 µm, and the elevation is in the range between
1 and 2 µm. Such an increased surface roughness is not
found in more homogenous regions, e.g., in the lower right
secondary osteon or in the central PMMA region of the
Haversian channel. The overall tilt of the sample along
the arrow indicated in Fig. 6 is 1.2◦.

After converting the voltages of the maximum image
into values of the acoustic impedance, the mean values
of certain regions of interest [Fig. 8(b)] were evaluated
in three different ways. The first value was calculated re-
gardless of the inclination angle. For the second value, the
10◦ exclusion map [see Fig. 8(a)] was applied prior to the
calculation. Finally, the impedance was extrapolated from
angular-dependent impedance plots. For the latter, the es-
timated value at 0◦ is assumed to be the impedance as de-
fined in (5). The histograms and angular dependent plots
for the three ROI’s are drawn in Fig. 9. The results are
summarized in Table II.

For the PMMA region, there was no difference in the
mean values for methods 1 and 2 (2.90 ± 0.002 Mrayl),
and the extrapolated 0◦ value from the angular dependent
plot was slightly higher (2.93 ± 0.01 Mrayl). In the sec-
ondary osteon the mean of the histogram was 4.98 ± 0.004
Mrayl without and 5.13 ± 0.004 Mrayl with the inclination
map. A considerably higher value (5.50 ± 0.05 Mrayl) was

Fig. 8. A 10◦ inclination mask (a) and segmented regions of inter-
ests (b) of the bone surface from Fig. 6. The ROI’s are: 1-PMMA,
2-osteon, 2.1-lamellae with low reflectivity, 2.2-lamellae with high
reflectivity, 2.3-innermost thick lamella with very high reflectivity,
3-secondary osteon.

found with method 3. The largest differences between the
calculation methods were found for the estimations of the
mean impedance within the osteon. Here the values ranged
from 3.94 ± 0.01 with method 1 to 5.10 ± 0.05 Mrayl with
method 3.

A drawback of the angular-dependent calculation is that
no impedance distributions can be calculated, mainly be-
cause of the small amount of pixels for each angle. In order
to characterize individual structures, the image has to be
segmented first. This was done for the osteon using thresh-
olds. The impedances were calculated for the alternating
lamellae with low and high reflectivity and for the inner-
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Fig. 9. Angular dependent impedance plots (left-hand side) and impedance histograms (right-hand side) of the ROI’s indicated in Fig. 8(b).
For the histograms, the 10◦ inclination map [Fig. 8(a)] was applied.
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TABLE II
Mean Impedance, Standard Deviation, and Standard Error for the ROI’S Marked in Fig. 8(b) (all values in Mrayl).

Method 1 Method 2 Method 3
ROI (all pixels) (all pixels with less than 10◦ inclination) (0◦ value from the angular plot)

1. PMMA 2.90 ± 0.10 (0.002) 2.90 ± 0.10 (0.002) 2.93 (0.01)
2. Osteon 3.94 ± 0.77 (0.001) 4.43 ± 0.91 (0.001) 5.10 (0.05)

Lamellae with low reflectivity 3.42 ± 0.34 (0.001) 3.51 ± 0.33 (0.003) 3.55 (0.03)
Lamellae with high reflectivity 4.51 ± 0.40 (0.002) 4.64 ± 0.44 (0.004) 4.68 (0.03)
Innermost lamella 5.45 ± 0.89 (0.010) 5.59 ± 0.92 (0.120) 6.40 (0.02)

3. Secondary Osteon 4.98 ± 0.79 (0.004) 5.13 ± 0.71 (0.004) 5.50 (0,05)

Fig. 10. Angular-dependent impedance plot of the segmented sub-
structures of the osteon as indicated in Fig. 8(b).

most lamella, for which a significantly increased thickness
and reflectivity was observed [see Fig. 8(b)]. Again, the
estimation of the mean impedance from the angular plots
gave the highest values (Table II). However, the angu-
lar plot of the structure with the highest impedance ex-
hibits a much steeper slope compared to the other regions
(Fig. 10).

IV. Discussion

The lateral and axial resolutions of the acoustic sys-
tem used here are sufficient to resolve the microstructure
of cortical bone. However, after preparation a remarkable
surface roughness remains, especially in highly heteroge-
neous regions. This general finding is in agreement with the
assumption that softer materials are removed more easily
during the preparation process. This in turn has consid-
erable consequences for any quantitative evaluation. With
conventional C-scan analysis, it has to be assumed that
the sample surface is flat and positioned right in the focal
plane. It has been shown that it is not possible to fulfill
this assumption with a high frequency lens. Furthermore,
neglecting the local inclination angle usually leads to sig-
nificantly decreased impedance estimation in regions with
a higher heterogeneity. The decrease in the measured re-
gion depends on the distribution of tilt angles as well as
on the absolute impedance values. The most reliable in-

formation is obtained from angular-dependent impedance
plots. The use of a 10◦ inclination map led to a decrease
of up to 13% in regions with high impedance values; but,
in regions with a low impedance, the difference was in the
order of 1%. Particularly the decrease of 1% in the PMMA
region is in good agreement with the estimated decrease
of the reflectance function of 1.63% at 10◦. The absolute
value of 2.93 Mrayl is lower than the value obtained for
the reference material, which is caused by the use of the
softener.

For higher impedance values, the slope of the angular
impedance plot is considerably steeper, which causes the
higher error in the estimation. Without the consideration
of the inclination angle, the error is further increased. In
the osteon a maximum error of 22.7% was obtained.

It should be pointed out that the angular-impedance
plots do not directly correspond to the magnitude of the
complex reflectance function because the same lens is used
for transmission and reception. The orientation of the local
tilt is not taken into account, and the angular impedance
distribution is calculated for areas rather than for a sin-
gle point. Therefore, characteristic phenomena (e.g., vari-
ations of the reflectivity at the critical angle) could not
be observed. However, the evaluations of the angular plots
allow a more reliable estimation of the acoustic impedance
for the normal incidence condition.

In a previous study by Smitmans et al. [31], in which
the anisotropy, age and gender dependence of the acoustic
impedance of a large number of human cortical bone sam-
ples was investigated, a significantly decreased impedance
compared to low-frequency values was observed. The MLA
technique in combination with the 10◦ inclination map was
used there to estimate the impedance. With the results
shown in this paper, it is hypothesized that at least a part
of the decrease can be attributed to the insufficient con-
sideration of the inclination angle.

V. Conclusions

With conventional C-scan analysis, it is neither possi-
ble to detect nor to compensate for the surface topogra-
phy. However, the latter has a considerable influence on
the image contrast with high-resolution SAM. A sophisti-
cated data analysis is necessary, if composite materials are
to be evaluated. The results demonstrate that the use of
the MLA technique for image acquisition and data analy-
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sis provides beneficial information for quantitative evalua-
tions. With an a-priori knowledge of major system param-
eters, and its implementation in the data analysis, artifacts
are reduced. Topographical influences on the image con-
trast are precisely separated from those caused by varying
material properties. Image segmentation allows a reliable
evaluation of the acoustical properties of biological struc-
tures at a microscopic scale. The restriction of a perfectly
flat sample surface is weakened because the angular depen-
dence of the reflectivity can be used to extrapolate the nor-
mal incidence reflection coefficient. It can be assumed that
the proposed data evaluation concept will have a consid-
erable effect on the usefulness and reliability of very high
frequency SAM as a tool for quantitative micromechanical
tissue characterization.
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