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Broadband scanning acoustic microscopy (SAM) has been used to investigate the mechanical
properties of sections of tissue with a resolution of around 8 um. The work reported here
extends these results by reporting the frequency dependence of the attenuation coefficient from
100-500 MHz. A discussion of the theory of the measurements is presented. The scanning
laser acoustic microscope (SLAM) is used to characterize similar tissue sections at 100 MHz.
The data obtained with the two forms of acoustic microscopy are compared with results from

the literature.

PACS numbers: 43.80.Cs, 43.80.Ev, 43.35.8x

INTRODUCTION

A method of acoustic time-domain reflectometry has
been developed, which allows the elastic properties of a
histological section to be measured with a resolution of
around 8 um."? This is accomplished by exciting the lens of
an acoustic microscope with a voltage impulse from a step
recovery diode. The impulse response of the lens used pro-
vided sufficient time resolution to separate the reflections
from the top and bottom surfaces of a 10- to 15-um section.
This 4 scan can be analyzed to obtain the elastic properties of
the interrogated point.

In this paper, the data from the experiment are pro-
cessed so that the frequency dependence of the tissue attenu-
ation is revealed. Comparisons are also made between SAM
and SLAM data from similar tissue samples.

Leg muscle was used for this work. This tissue is striated
and composed of cylindrical fibers that vary from 140 mm
in length, and 10-100 zm in width. These fibers arise from
the fusion of many myoblast cells and are multinucleate.
Each fiber is surrounded by a fine network of collagen, the
endomysium. The complete muscle is enclosed by a connec-
tive tissue layer, the epimysium, which holds the muscle to-
gether. This layer contains collagen fibers, which have great
tensile strength, because of the way their principal amino
acids (hydroxylysine and hydroxyproline) polymerize. Col-
lagen has a static Young modulus 1000 times greater than
most other types of tissue. In the epimysium, the fibers are
interwoven into sheets. Individual fibers are 1-12 gm in di-
ameter.

I. EXPERIMENTAL METHODS

The lower leg muscles of an adult ICR mouse were dis-
sected and frozen in liquid nitrogen. Frozen 60-um sections
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were cut transverse to the fiber direction using a Lipshaw
cryostat for examination with the SLAM; adjacent frozen
14-um sections were cut from the same block for investiga-
tion in the SAM. These sections were mounted unfixed on
glass slides and imaged in pseudotransmission using a reflec-
tion microscope. Conventional images were made with a 60-
ns tone burst and a receiver bandwidth of 10 MHz. The ech-
oes from the specimen surfaces were completely mixed at
this bandwidth.

When the lens is operated in impulse mode, an 11-ns
pulse is received from a glass reflector (measured between its
— 20-dB points). A sampling oscilloscope was used to re-
cord the returning signal. After signal averaging and back-
ground subtraction, a signal-to-noise ratio of 51 dB at the
center frequency (240 MHz) was achieved. The spectrum of
the pulse is approximately Gaussian, but with a slower rate
of decrease on the high-frequency side. The signal-to-noise
ratio was 23 dB at 100 and 510 MHz; these frequencies were
taken as the end points for measurements of the frequency
dependence of attenuation.

Two pulses were generally recorded from tissue: the
echoes from the tissue/water and tissue/glass interfaces.
These were compared in the analysis with a reference signal,

which was generated by moving the lens away from the tis-
sue.

In Ref. 2, the reference signal (measured without tis-
sue) is modeled in the frequency domain by the function

R(f)=M(f)exp(27j[ft;) (1
and
S(f)=AM(f)exp(27j ft,)
+a(fIM(f)exp(2mjft,) (2)

for the signal with tissue. In these expressions, M( f') is the
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frequency response of the lens; 4 is a real constant; a( f ) isa
real function representing the frequency dependence of the
tissue attenuation and the two-way transmission loss; and ¢,,
t,, and ¢, are the time positions of the tissue/water, tissue/
glass, and reference signals, respectively.

The two pulses are sufficiently widely spaced that the
error involved in isolating the tissue/glass echo (by time
gating) in order to compute its Fourier transform will be
small. This transform was then deconvolved with the refer-
ence signal (1), and its magnitude was squared to produce a
power spectrum. Frequency-domain data are also needed to
Wiener filter the data. The function

SRS ) 3)
R(fIR*(f)+N?
(where N 2is a constant that depends on the noise level ) gives
an approximation to the impulse response of the tissue.
The thickness of the section is computed by forming the
cross correlation of the first pulse and the reference signal,
and finding its maximum. Homomorphic deconvolution is
used to calculate the separation of the two pulses, which
determines the velocity. Changes in the acoustic impedance
of the tissue cause fluctuations in the size of the tissue/water
pulse. The cross-correlation function’s maximum value is
normalized by the reference signal to obtain the reflectance

w(t) = FFT_'(

(a) SAM image (425 um fov)

mm fov)

(c) Optical image (2.8

at the tissue surface. Attenuation data are obtained by com-
parison of the tissue/glass pulse, which has passed through
the section twice, with the reference signal.

In this experiment, the errors in velocity and thickness
due to temperature variations in the coupling fluid, and de-
viations from a perfectly flat lens scan, are 5%. These appear
to dominate the systematic error caused by assumptions in
the model of the experiment.? The impedance error is largely
systematic, varying from 1% at Z = 1.6 Mrayl to 10% at
Z = 2.05 Mrayl. The accuracy of the attenuation measure-
ments is assessed in Sec. III.

Il. RESULTS

Figure 1(a) shows a tone burst scanning acoustic mi-
croscope image obtained with the lens (500-um focal length,
F /1) focused on the surface of the microscope slide, at a
frequency of 425 MHz and a field of view of 425 um. The
beamwidth is 5 um at the focus, using the Rayleigh criterion.
Fibers of both the soleus and gastrocnemius muscles are visi-
ble, as is the epimysium. “Time-resolved line traces” are B
scans (in contrast to the C scan of a tone burst SAM image)
but differ from the clinical and NDT types by the omission of
demodulation or time gain control. Figure 1(b) is such a
time-resolved line trace, taken just to the left of the dashed

FIG. 1. Images of a transverse section of mouse leg showing soleus and gastrocnemius muscles, and the margin between them (epimysium). The tone-burst
image (a) has a 425-um field of view (fov) in which the epimysium appears very dark; (b) is a time-resolved linescan taken along a path corresponding to the
dashed line in (a); (¢) is an optical image of an adjacent section; (d) shows a Wiener filtered version of (b). The horizontal axis is time, with a 50-ns field of
view. Pixel brightness is determined by the voltage received by the sampling oscilloscope.
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line in Fig. 1(a). The scan begins at the top of Fig. 1(a), but
is 600 um long. The dashed line in Fig. 1(a) thus indicates
the top 71% of the line trace of Fig. 1(b). The horizontal
axis of this image is time, with a total scan of 50 ns. The
vertical axis corresponds to the position of the lens. Picture
brightness is proportional to detected voltage, so the no-sig-
nal level is grey and received signals appear as a succession of
black and white stripes. Two pulses are generally visible; a
tissue/glass echo to the right, and a weaker tissue/water
echo on the left. The black region of the SAM image in Fig.
1(a) is connective tissue between the two muscles; it causes a
large shift to the left in the second pulse on the time-resolved
linescan. This connective tissue is visible at lower magnifica-
tion in Fig. 1(c), which is an optical micrograph of the adja-
cent frozen section cut. The tissue section is stained with
toluidene blue and has a field of view of 2.8 mm. The effect of
applying a Wiener filter to the data is shown in Fig. 1(d).
The time-resolved data were analyzed by the method
described in Ref. 2; results are plotted in Fig. 2 from the top
of Fig. 1(a) to the lower boundary of the collagen. Large
variations were observed in the sample thickness; a nominal-
ly 14-um section varies from 6.2 to 17.5 ym. The velocity
figures show typical tissue values of 1550-1600 m s~ ' for the
muscle fibers, while the connective tissue has a peak of
slightly over 2000 m s~ . The impedance is also considerably
larger in the connective tissue. The mean value of the fre-
quency-averaged attenuation coefficient is 86 dB mm ™/,
which may be compared with the figure of 45 dB mm™"'

Top of SAM Image Bottom

- 15

—~ 10

(a) Thickness (pm)
(c) Impedance (MRayl)

obtained in kidney tissue at 222 MHz.> However, the peak

- value of the attenuation coeflicient in the epimysium is much
higher, at 400 dB mm !, reflecting the anomalous behavior
of the structural protein collagen.

For comparison purposes, a 60-um slice of tissue (adja-
cent to the section used above) was investigated in a SLAM
at 100 MHz. The SLAM is a transmission technique,* in
which attenuation is the primary source of contrast in the
intensity image. The interference image is mainly dependent
on the velocity distribution in the sample. Figure 3 shows the
results; in each case, the field of view is 3 mm horizontally by
2 mm vertically. Figure 3 (a) is an optical image of the sam-
ple; the connective tissue is visible as the darker band in the
center of the image. Figure 3(b) is the acoustic amplitude
image; it can again be seen that the attenuation is higher in
the muscle boundary than the surrounding tissue. Figure
3(c) is the interference image. The sample is surrounded by
saline, which is used as a reference medium, in which the
fringes are spaced at 85-um intervals. A shift of the fringes to
the right, which can be observed at the boundaries of the
specimen, indicates an increase in velocity. The high attenu-
ation in the muscle boundary near the bottom of the image
conceals a further increase in velocity there. The graph of
Fig. 3(d) shows the velocity variation through a vertical line
down the center of the images; these values were computed
by the method described in.*

The saline reference at the top has a velocity of 1520
ms~!, while the connective tissue velocity peaks around

Top of SAM Image Bottom
2000
1800~
1600 v
(b) Velocity (ms'l)
(d) Averaged attenuation (nepers m'l)
40000
20000 -4

0

FIG. 2. Elastic properties of the section as computed from the data of Fig. 1(b). The left-hand side of each of the graphs corresponds to the top of Fig. 1(b).
Notice the high velocity and attenuation in the connective tissue [center of (b) and (d)].
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(a) Optical image

(c) Interference image

(b) Intensity image

(d) Velocity (ms‘l)

DISTANCE ALONG SECTION \\/\)A\\Aj\

top of screen

FIG. 3. Results obtained with the SLAM on an adjacent section (nominal thickness = 60 um; acoustic frequency = 100 MHz; field of view = 3 mm X2
mm); (a) shows the optical image; (b) and (c) are acoustic. The muscle boundary appears dark in the intensity image (b) due to its high attenuation. A
graph of velocity (d) computed for the vertical bisector of the interferogram (c) indicates enhanced velocity in this boundary.

1720 m s~ . This increased velocity correlates with that ob-
served in the SAM; however, the measured maximum veloc-
ity is 15% less in the SLAM. The measurement in the SLAM
is of a phase change, so that the tissue thickness is needed to
calculate the velocity. As can be seen from the range of thick-
nesses in a nominally 14-xm section, this parameter cannot
be controlled accurately. Furthermore, the resolution cell is
considerably larger in the SLAM than in the SAM, which
might be expected to moderate large local variations in
acoustic parameters. It also proved impossible to avoid de-
hydration of the SAM sections in the journey between our
laboratories, which has been shown to increase tissue veloc-
ities.

The fact that the time-resolution experiment can pro-
vide values for the attenuation over more than 2 octaves of
hitherto unexplored spectrum is perhaps its major advan-
tage. The rest of this paper will present some results comput-
ed from the present specimen, and another section. This will
be followed by a discussion of the validity of the data.

As described in Sec. I, the tissue/glass pulse, which has
passed through the tissue twice, can be analyzed to yield the
frequency dependence of the tissue attenuation. The signal
was deconvolved with the reference signal and a power spec-
trum was calculated. Figure 4(a) displays the results picto-
rially.
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The left-hand side of the image represents a frequency of
100 MHz, and the right-hand side is 510 MHz. The vertical
axis is the same as in Fig. 1(b); it represents distance along
the sample (600 zm). Pixel brightness represents the inten-
sity of the deconvolved signal at a given frequency and posi-
tion. This presentation allows the spatial variations of the
spectral response of the tissue to be examined. In order to
allow a quantitative assessment of this image, it has been
segmented into five grey levels. Areas of white correspond to
deconvolved intensities of between 0.7 and 1.0. The next
three grey levels are contoured at 0.5, 0.3, and 0.1, and black
indicates a signal of lower intensity than 0.1. The area at the
top of the image (which is an area where there is no tissue) is
uniformly white. In the muscle tissue, a general decrease of
signal with increasing frequency is observed. Figure 5(a)
shows a typical muscle spectrum, where the attenuation is
roughly proportional to frequency. When a similar spectrum
was calculated from data from a fat cell, the attenuation® was
found to vary as /%, This is the same as the accepted value
for castor oil.” In stark contrast to this, very little signal is
observed at low frequencies from the collagen in the middle
of the picture. Instead, the signal rises to a maximum at
around 240 MHz, and then decreases sharply [Fig. 5(b)].
This behavior was observed throughout the middle of the
connective tissue area, but not at its edges. Figure 5(c)

Daft et al.: Frequency dependence of tissue attenuation 2197



(a) Mouse muscle 2nd pulse

(c) Skin section 2nd pulse

(b) Mouse muscle lst pulse

(d) Focus versus frequency

FIG. 4. Deconvolved power spectra obtained with the broadband acoustic microscope, displayed with image brightness proportional to received power. The
vertical axis is distance; the field of view is 600 umin (a) and (b) (asin Fig. 3); (c) has a field of view of 705 um. The horizontal scale is frequency: 100 to 510
MHzin (a), (¢),and (d), and 120 t0 480 MHz in (b). The anomalous behavior of the epimysiurh can be seen in the central part of (a); this corresponds to the
area of high velocity and attenuation in Fig. 1(b). (d) indicates the movement of the focal point of the lens with frequency; the vertical scale covers 28 yum of

defocus.

shows the behavior of the edge, which exhibits peaks in its
spectrum at 160 and 280 MHz.

A peak in the received signal implies that constructive
interference from the sides of a structure in the tissue is oc-
curring. Since the sound velocity in this area is 1900-2000
m s~ ', the wavelength of sound at 240 MHz is 8 um. A
tentative hypothesis to explain this effect would be that there
are one of more A /2 = 4-um collagen fibers inside the sec-
tion at this point. The deconvolved spectrum of the first
pulse was also computed, and the result is shown in Fig.
4(b). Because there is such a large variation in the size of the
first pulse, each line has been normalized. The contours are
at 0.8, 0.5, 0.3, and 0.1 of the maximum value in that line.
Data are only presented in the range 120480 MHz because
of signal-to-noise constraints. However, the reflection from
the collagen is very strong, and a peak in the spectrum at 240
MHz is again observed, confirming the “resonance” in the
second pulse. The peak at this frequency is not a feature of
collagenous tissue, in general; other muscle boundaries were
investigated in the same way, and different beliavior was
found, e.g., that in Fig. 5(d). From 120-350 MHz, this sam-
ple shows an increase in signal strength with frequency.
There is also a gentle dip in the signal around 430 MHz, and
even a suggestion that a peak may occur above that frequen-
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cy. These frequencies would also predict a characteristic di-
mension in the correct range for collagen fibers (1-12 um).

It must be emphasized that more work is needed to in-
terpret these spectra. A spectrum from a section of skin is
shown without contouring, but with each line normalized, in
Fig. 4(c). Again, there is no tissue at the top of the linescan,
so the data appear uniformly bright there. One can only con-
clude from this image that the tissue attenuation generally
increaseés with frequency. At this microscopic scale, there is
considerable variation in the rate at which attenuation in-
creases throughout the section, so the image appears striat-
ed.

lll. DISCUSSION

A separate question is the reliability of the frequency
spectrum data. The signal-to-noise ratio of the tissue/glass
pulse is sufficiently good that the major source of experimen-
tal error in the time-resolved traces is due to drift in the
sampling oscilloscope amplifiers ( + 3% ). Water tempera-
ture and scan flatness are not so important as in the measure-
ment of tissue thickness and velocity. However, several pos-
sible sources of systematic error need to be considered. As
has been noted, the lens was focused halfway down the sec-
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(a) Muscle tissue

(c) Boundary of epimysium (scaled)

—~ 0.075

(b) Epimysium, lst section

(d) Epimysium, 2nd section

FIG. 5. Deconvolved power spectra of the second pulse plotted from 100 to 510 MHz. Attentuation roughly proportional to frequency is observed in (a). The
widely differing behavior of the epimysium (b), (c), and (d) suggests an inhomogeneous acoustic structure on this scale.

tion at 250 MHz. The position of this focus will change with
frequency, and it seemed possible that the convergence of the
lens might corrupt the data in some frequency-dependent
way.

In order to investigate this, the variation of the position
of the lens focus with frequency was measured. The most
convenient way to do this was using a glass slide reflector
and the time-resolution apparatus. The lens output was re-
corded for a 28-um vertical sweep, which included the focus.
Each time trace was Fourier transformed and a power spec-
trum was computed. No deconvolution was performed, but
each V(z) was normalized to eliminate the variation of
transducer efficiency with frequency. The result of this ex-
periment is shown in Fig. 4(d). In this image, the horizontal
axis again represents frequency, from 100-510 MHz. The
vertical axis is z, the vertical position of the lens. The image is
contoured; ultimate white represents a normalized power of
greater than 0.95, and the other transitions are at 0.9, 0.7,
and 0.5. Under 0.5 appears as black. As the frequency is
increased, the focus becomes tighter, as might be expected.
At 250 MHz, a 10% variation in acoustic power occurs over
a vertical distance of 8.5 pm. It is interesting to note the lack
of movement of the focal position from 200 to 510 MHz.
Below 200 MHz, diffraction effects are causing the focus to
move somewhat more.

The effect of this on the time-resolution data can be un-
derstood with reference to Fig. 6. In this diagram, the tissue/
water interface has z coordinate z, and the surface of the
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glass slide is at z,. Both of these distances are measured from
z =0, defined as the focus of the lens at its center frequency
/.. Thelocus of the maxima in Fig. 4 (d) is denoted by b( f),
which is positive for /> f,, and negative for f<f,.

If the focusing action of the lens is now taken into ac-
count, the output of the lens with tissue at a frequency f'is
obtained by modifying (2),

S'(f)=M(f)[AexpQmjft,)Vs(z, f)
+a(f)exP(2W'ftz)VG(Zz,f)], (4)

where V; (2, f) is the lens output at a defocus z and frequen-
cy f, without tissue, i.e., the data of Fig. 4(d). The reference
signal can be written as

R'(f)=M(f)exp(2mj ft;) V(25 /), (5)

neglecting water attenuation in the thickness of the section.
The assumption about ¥ implicit in the expressions (1)
and (2) for R( f) and S( f) can now be quantified as

VG(zlvf)zVG(zzaf) (6)
for all fof interest. Inspection of Fig. 4(d) shows this tobe a
reasonable assumption for frequencies above 200 MHz.

The effect on the power spectra measurement can be
calculated by dividing the first and second terms in (4) by
the reference signal, and taking the squared magnitude. The
first pulse spectrum is scaled by

|VG(z]’f)/VG(Zny),2,

Daft et al.: Frequency dependence of tissue attenuation 2199
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FIG. 6. Geometry used for calculating the effect of focal length variations
with frequency. :

but the focal length effect cancels in the power spectrum of
the second pulse: It is still @®( £ ). Therefore, the deconvolu-
tion results are accurate regardless of whether V; conforms
to Eq. (6).

There are still two approximations in this analysis. Iden-

tifying (10/x)log,, @*( f) with the tissue attenuation in dB,
where x is the section thickness, assumes that only a small
amount of the incident power is reflected at the tissue/water
interface. This is a good approximation for most tissue,
where the first echo is 20~-30 dB smaller than the reference
signal. In the collagen, the power spectrum of the second
pulse will be reduced by about 10% at the frequency at
which there is a maximum in the first pulse spectrum. This
means that the 240-MHz peak in Fig. 4(b) is, in fact, larger
than the graph shows.

Second, no allowance has been made for changes in fo-
cal length with tissue velocity. This will affect the measure-
ment of the spectrum of both pulses. A rough calculation for
the lens used gives around 3 um of movement with 2000-
ms ™' tissue (the worst case). From Fig. 4(d), it can be seen
that this would have the most effect at 500 MHz. At this
frequency, the acoustic power in the second pulse will be
underestimated by some 10%, since the focus moves in the
positive z direction. This could be corrected by multiplying
the power spectrum by a filter. The response of this filter
could be computed from the tissue velocity and the data of
Fig. 4(d).

Another concern is the possibility that variations in tis-
sue thickness on a scale smaller than the resolution cell will
cause phase cancellation. This would lead to inflated attenu-
ation estimates. However, it is hard to reconcile the gradual
changes in acoustic properties [e.g., in Fig. 4(a)] with sig-
nificant phase cancellation, which would produce alter-
ations in the spectra of adjacent pixels.

IV. COMPARISONS WITH PUBLISHED DATA

Figure 7 shows selected results on the frequency de-
pendence of attenuation for five types of tissue. The box
shows the range of data on skin from 1-10 MHz, as given in
Refs. 8-11. Data from the SAM have been averaged over the
100- to 500-MHz range, and are recorded at 300 MHz. The
skin data from the SAM measurements were obtained by
averaging the received signal through the dermis of a guinea
pig.> At 100 MHz, the result is a mean value from 60 mea-
surements on canine skin,'? while the 25-MHz result from
the same publication was obtained from a backscattering
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FIG. 7. SAM and SLAM results compared with data from the literature.
For reference, the attenuation of water and typical parenchyma (liver) are
included. The box indicates the range of skin data from Refs. 8-11. Note
that the highest attenuation value obtained is not comparable to the other
points on the graph (see text).

technique.'® The two points recorded for epimysium are not
directly comparable; the 100-MHz (SLAM) measurement
is a mean value for the complete muscle boundary, averaged
over several specimens. As can be seen from Fig. 2, this tissue
appears very inhomogeneous in the higher resolution SAM
results. The peak value is therefore recorded at 300 MHz on
the graph. The images of the muscle fibers revealed milder
variations in attenuation, and were also plotted at 100 and
300 MHz. For reference, the attenuation of water and liver'*
are included. Liver is an example of typical parenchyma,
with a relatively low attenuation that is proportional to f*%7,
whereas the value for water is proportional to f2.

It seems reasonable to suppose that tissue must always
attenuate sound more than water; thus, at some frequency,
the slope of the line drawn through the liver data must in-
crease. Kessler® observed such a change in mammalian kid-
ney (his data are shown on the graph), which contrasted
with the linear dependence at lower frequencies.'> In the
present work, the behavior of both skin and muscle appears
similar in the 100- to 300-MHz range to the 1- to 100-MHz
liver data. The intercept of the lines with the attenuation axis
varies (skin attenuates more because of the higher structural
protein content), but the slope does not approach the /2 ex-
hibited by water.

V. CONCLUSIONS

The impulse-excited SAM has been used to measure the
frequency dependence of attenuation in muscle fibers, con-
nective tissue, and skin. This method is simple to implement
and capable of producing accurate results. Comparisons
with other techniques can be made if the SAM data from a
similarly sized area of tissue are averaged. This eliminates
the fine structure [e.g., in Fig. 4(c) ] caused by microscopic
variations. The muscle fibers and skin tissue appear to have
the same frequency dependence of attenuation in the SAM
range as at lower frequencies. This allows a conclusion to be
drawn about the dispersion from 100- to 500-MHz. As
O’Donnell ef al. have shown,'® a linear increase in attenu-
ation causes less than 0.2% velocity change from 1 to 10
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MHz. Since the approximate f** dependence seems to hold
for skin and muscle fibers, a large dispersion over the 100- to
500-MHz range is not expected.

Tissue with a high concentration of structural protein
has anomalous behavior. This may be due to the fibers being
of comparable size to the acoustic wavelength. Further work
is needed to evaluate the peaks that were characteristic of the
power spectra of some of the received signals. This behavior
also will have interesting consequences for the dispersion.
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