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cooperates with other agents to come to a consistent overall
image segmentation. However, the complexity of this
system may lead to time delays when there is a conflict
among the agents.

Tuceryan’ proposed a method for obtaining texture fea-
tures directly from gray-level images by computing the
moments of the image in local regions. The results of his seg-
mentation algorithm show that the image moments com-
puted over local regions provide a powerful set of features
that reflect certain textural properties in images.

In this article, as in those by Brusseau et al.” and
Bovenkamp et al.? we propose a system for automatic
luminal contour segmentation. Unlike the Brusseau et al.
system,” our system is applied to images obtained from a
rotating TVUS system because these systems are widely
used in clinical settings. Instead of a multiagent system, as
proposed by Bovenkamp et al.,® we used the simpler and
more powerful set of features proposed by Tuceryan' to
achieve our goal of luminal contour segmentation.

Our strategy to achieve this goal is to extract
local moment-based texture features and a pixel position
feature from IVUS images to perform a clustering on
the basis of these features. Once we obtain the clustered
image, a smoothing filter is applied to reduce the
irregularities.

Materials and methods

Local moments have attracted attention as local features in
applications such as edge detection and texture segmenta-
tion.'*"® The main reason for this is that they are inherently
integral-based features, so their use reduces the effect of
uncorrelated noise. The computation of local moments,
when viewed as a neighborhood operation, can be inter-
preted as a convolution of the image with a set of masks.'
Tuceryan successfully proved the efficacy of local moments
in texture segmentation.'> However, in the case of luminal
contour detection in IVUS images, an additional feature
was necessary to take into account the concentric circular
arrangement of artery layers. The feature used to carry this
out was the radial distance.

Our texture segmentation algorithm is based on
Tuceryan’s work'? and consists of the following steps:

Step 1: Compute the image moments within a small window
around each pixel. "

Step 2: Compute the texture features from the moments
by applying a nonlinear transformation followed by an
averaging operation.

Step 3: Compute the radial distance.

Step 4: For each pixel in the input image, compose a feature
vector formed by features computed in step 2 and the
radial distance computed in step 3.

Step 5: Perform a fuzzy clustering of the input image pixels
on the basis of their feature vectors.

Step 6: Classify every pixel in the input image according to
the minimum distance from the center of the clusters
found in step 5.

Step 7. Perform morphological contour smoothing on the
segmented image found in step 6.

Step 8: Find the final lumen contour by applying the Sobel
operator’ to the contour-smoothed image obtained in
step 7.

Moments

Our algorithm uses the moments of an image to compute
texture features. The (p + ¢)-th order moment m,, of a func-
tion of two variables fix,y) with respect to the origin (0,0)
is defined as':

mye = [ [ F(xy)e?ytdxdy M)
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where p,g=0,1,2, ... Normally, the moments are computed
over some bounded region. If the function is equal to unity
within the region and zero outside the region, the lower
order moments (small values of p and ¢g) have well-defined
interpretations. For example, my, is the area of the region
my/mg and mg/my,, giving the x and y coordinates of the
centroid for the region, respectively. The my,, my,, and mg,
can be used to derive the amount of elongation of the region
and the orientation of its major axis. The higher-order
moments give even more detailed shape characteristics of
the polygons such as symmetry.

In this article, as in Tuceryan’s work,”? we regard the
intensity image as a function of two variables, f{x,y). We
compute a fixed number of the lower-order moments for
each pixel in the image (we use p + ¢ <£2). The moments are
computed within a small local window around each pixel.
Given a window size W, the coordinates are normalized to
the range of [-0.5,0.5] and the pixel is located at the center.
The moments are computed with respect to this normalized
coordinate system, which permits us to compare the set of
moments computed for each pixel. We always choose the
window width W to be odd so that the pixel (i, j) is centered
on a grid point.

Let (i, j) be the pixel coordinates for which the moments
are computed. For a pixel with coordinates (k, /) that falls
within the window, the normalized coordinates (x;, y;) are

given by:
ki I-j

A ==/ 2
Xy W 3] W (2)

Then the moment m,,(i,) within a window centered at pixel
(i, ) is computed by a discrete sum approximation of Eq. 1
that uses the normalized coordinates (x;, y,):

w2 w2
mulbi)= 2 3 Sk + i (3)

This discrete computation of the set of moments for
a given pixel over a finite rectangular window corre-
sponds to a neighborhood operation, and, therefore,
it can be interpreted as a convolution of the image with a
mask."?
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Fig. 1. Representation of Feature
a segmentation process on the ;
basis of the featurc images images ) .
F Clustering and labeling
1 in feature space
Y ) — |
X
' Segmented

When we examine these masks, we see that they can be
interpreted as local feature detectors. For example, the
mask for my, corresponds to a box-averaging window, and
thus it can be interpreted as computing the total energy
within that box. The masks for m1,, and m,, take the form of
edge detectors. They would respond to sudden intensity
changes in the x and y directions, respectively. The second-
order moments are not easy to interpret; the only exception
being m,;, which looks like a cross detector.”

The set of values for each moment over the entire image
can be regarded as a feature image. Let M, be the k-th such
image. If we use n moments, then there will be n such
moment images. [n our experiments, we used up to second-
order moments. That is, we used migg, Pig,, My, My, B, and
mag, which result in the images M, M,, M3, M,, M, and M,
respectively.

To enhance the discrimination power of these moments,
we adopted the transformation used by Tuceryan.'” Then,
we introduced a nonlinear transducer that maps moments
to texture features.

Thus, we obtain the texture feature image F, corre-
sponding to the moment image M, with mean M using the
following transformation:

A= 3

a.hjew;

tanh(o(M,(a.b)- M) k=12,....6

4
where ®; is an L x L averaging window centered at
location (i, j) and ¢ controls the shape of the function
(we used o =0.01). Figure 1 shows a graphic representation
of a segmentation process on the basis of the feature
images.

The window size depends on the content of the image:
finer textures require a smaller window size to detect
smaller features, whereas coarser textures require a larger
window. The parameters ¢ (in Eq. 4), moment window size
W, and average window size L were chosen by gradually

\ image

o

\‘ Feature vector
for pixel (i,j)

adjusting these values and observing the resultant effect in
the segmented images. Initially, tests were done with
increasing values of L for a fixed value W. Then, the fixed
value W was increased and tested with increasing values of
L. This process was repeated using the values 5,7,9, and 11
for W and L. Window sizes less than 5 were insufficient to
capture the texture information, and sizes greater than 11
may lead to error in the contour definition. The choice of
the best combination of values for W and L was based on
visual evaluation of the resultant segmented images. After
that, an adjustment of the parameter ¢ was made starting
with the suggested'” value 0.01. The range from 0.01 to 0.05
offered good results. The final chosen values were W =7,
L =9,and ¢ = 0.01. They were determined empirically and
are probably not optimal.

Luminal contour definition

The problem of luminal contour definition can be regarded
as a clustering problem whose main point is to find features
to each pixel of the IVUS image that could permit an
accurate clustering and then to obtain a segmentation of
regions of interest for physiologists such as the lumen, for
example.

Due to the encouraging results obtained by Tuceryan,"”
the theory of moment-based texture segmentation was
applied to the problem of luminal contour detection in
TVUS images. The system proposed in this article can be
represented in the block diagram shown in Fig. 2. The moti-
vation for implementing this procedure for detection of the
lumen boundary is that the IVUS images usually have very
smooth gray-level transition between their regions and also
there is noise. These facts make it difficult to detect the
contour of the lumen region using only the traditional
methods of edge detection such as Sobel and Canny oper-
ators'*? directly. An example is shown in Fig. 3. Thus, in the
proposed system we identify the pixels that belong to the
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Fig. 2. Block diagram of the F,,
o et e ﬁ?r Bl FEATURE R MORPHOLOGICAL BOUNDARY
contour SCEI]]CH[HUOD
EXTRACTION | CLUSTERING ——=>| "“oynnTiiNG | DETECTION
INPUT OUTPUT
IMAGE IMAGE

Fig. 3. Application of

edge detection methods.

A Original image. B Result of
application of Sobel operator.
C Result of application of
Canny operator

lumen region through clustering based on their texture fea-
tures and radial position feature. Then, we obtain images
with regions well defined. After that we can easily detect
the lumen contour using the traditional edge detection
techniques.

Input image

In the proposed system (see Fig. 2), the input image is the
original image obtained from the IVUS system. In this
work, we used a commercially available IVUS system
(Clear View Ultra; Boston Scientific, Natick, MA, USA).
The central frequency of the rotating IVUS probe (Atlantis
SR Pro; Boston Scientific) was 40 MHz.

Feature extraction

The feature extraction block is in charge of extraction of the
transformed versions of the moments, F, ; k=1,2,...,6,
already defined, and the radial distance R is presented
graphically in Fig. 4.

Examples of the moment images are shown in Fig. 5.
Some vertical and horizontal elongated textures became
slightly enhanced in the lumen region, especially in images
M., M., and M;, and more weakly in images Ms and M,
Image M, is a blurred version of the original image giving
information about the average gray level. After application

Adventitia

Lumen

Intima

Catheter zone

Fig. 4. Illustration of a cross section of a blood vessel. R, radial
distance; P, pixel

of the nonlinear transformation (Eq. 4), these images
became enhanced (Fig. 6). The lumen region became dif-
ferentiated from the other regions, except in image F, that
slightly enhanced the edges by computing the average gray
level.

However, even after applying nonlinear transformation,
these features were not sufficient to lead to reasonable
lumen region segmentation. Then. the radial distance
feature R was added to the clustering process.

In this work, we define the radial distance R as the dis-
tance from the central pixel of the image to the position of
the pixel P under consideration. This distance R is normal-
ized and becomes the seventh feature used in the following
clustering of the input image pixels. The radial distance R is



Fig. 5. Moment images. A Original image. B Moment image M,.
C Moment image M. D Moment image M,. E Moment image M.
F Moment image Ms. G Moment image M,

of fundamental importance because it allows pixels that are
at similar distance from the center of the image to be
included in the same cluster if they have similar texture fea-
tures. The effect of the use of these texture and position fea-
tures is that the clusters become organized in regions similar
to concentric rings around the center pixel; this is associated
with the physiological structure of the blood vessels, as rep-
resented in Fig. 4. The effect of adding the radial distance
feature R to the feature vector can be observed in Fig. 7.
Thus, these seven features were used to comprise a feature
vector for each pixel of the image.

Fig. 6. Featurc images. A Original image. B Final segmented image.
C Feature image F,. D Feature image F,. E Feature image F,. F Feature
image F;. G Feature image Fs. H Feature image F

Clustering

In this block we used the well-known Fuzzy C-Means’' algo-
rithm, which has been successfully utilized in several image
processing applications in the field of medical imaging.”
This clustering technique uses the feature vectors to distin-
guish the different regions of the image. Through successive
iterations of an optimization routine, the central vector of
each cluster is found. Then, the input image pixels are
assigned to the cluster whose center vector is the closest to
their feature vector. The number of clusters chosen was
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Fig. 7. Effect of the radial
position feature R as one of

the components of the feature
vector. A and B are the same
images obtained from patient A.
A Clustered image without
using the radial distance feature
R. B Clustered image using the
radial distance feature R

Fig. 8. A Result of clustering. B
Result of morphological filtering

four: one cluster for the external region, one for the region
between the adventitia and intima, one for the lumen, and
another one for the catheter zone.

Morphological smoothing

Mathematical morphology is a technique of image process-
ing whose value for each pixel in the output image is based
on a comparison of the corresponding pixel in the input
image with its neighbors. By choosing the size and shape of
the neighborhood, we can define a morphological operation
that is sensitive to specific shapes in the input image.
The neighborhood size and shape are determined by the
size and shape of a second, usually much smaller, image
called a structuring element, which together with the input
image is regarded as a set. Thus, basic operations of set
theory, such as union, subtraction, and complement can be
carried out with both images. These basic operations can be
used to compose other operations, such as opening and
closing.

Opening generally smoothes the contour of an object,
breaks narrow isthmuses, and eliminates thin protrusions.
Closing also tends to smooth sections of contour, but, as
opposed to opening, it generally fuses narrow breaks and
long thin gulfs, eliminates small holes, and fills gaps in the
contour.””

To reduce the irregularities of the borders as well as
some small regions around the borders, morphological
filtering is done before boundary detection. This filtering is
performed through the application of opening and
closing morphological operations with a disk-structuring
element of size 3. An example of the result of the
luminal contour obtained only with the clustering process
without any contour smoothing can be seen in Fig. 8A.
An example of the luminal contour obtained when a
morphological filter is applied after the clustering and
before the boundary detection process is shown in
Fig. 8B. Comparing these figures, we can observe that the
morphological filter reduced the irregularities in the seg-
mented contour and eliminated the small segmented
regions.

_61_



Fig. 9. Example of luminal
contour detection. A and B are
the same images obtained from
patient A. A Automatically
defined luminal contour.

B Manually defined luminal
contour. C and D are the same
images obtained from patient B.
C Automatically defined luminal
contour. D Manually defined
luminal contour

Boundary detection

After the clustering and contour smoothing, the images had
well-defined regions, with contours that could easily be
detected by traditional edge detection methods. In this
system, we used the Sobel operator'” because of its sim-
plicity and efficiency. The Sobel operator performs a two-
dimensional (2-D) spatial gradient measurement on an
image, thereby emphasizing the regions of abrupt changes
in gray level that correspond to edges.

Results

Using the system presented above, tests were done with 15
IVUS images of different patients. Cases with totally occlu-
sive plaque and large shadow regions were not considered.
Some examples of the results are shown in Fig. 9 together
with the corresponding images that were segmented by a
medical doctor for comparison.

We can see that the boundaries automatically drawn by
the proposed system closely resemble those drawn manu-
ally by a medical doctor. However, some errors can be

observed in the dark regions, in general caused by shadows
that follow hard plaque or due to the guidewire. In these
regions, the system tends to segment a region larger than
that which would be segmented by a medical doctor; this
occurs mainly because these dark regions contain no texture
information and lead the system to be segment based only
on the radial distance information. Thus, in the dark regions,
the system tends to draw lines sometimes quite different
from those drawn by a medical doctor (Fig. 10).

Sometimes bright regions appeared around the catheter
zone, leading to a catheter cluster larger than the normal.
However, as the size and position of the catheter are quite
predictable, we can easily eliminate this effect in most of the
images by compensating for the catheter cluster area.

The correlation between the areas of the automatically
defined lumen and manually defined lumen is shown in Fig.
11. The correlation coefficient was equal to 0.86.

Discussion

The transition between the lumen and the vessel wall, as
well as the transition between the vessel layers, is quite
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Fig. 10. Example of influence
of guidewire shadow on the
luminal contour detection
process. A and B are the same
images obtained from paticnt C.
A Automatically defined luminal
contour. B Manually defined
luminal contour

Detection error due

Automatically defined lumen area (mm?)

5 10 15 20

Manually defined lumen area (mm?)

Fig. 11. Correspondence between lumen area manually defined and
the same area automatically defined

smooth, making boundary detection based on local features
a hard task. However, due to the ability of the local moment
in distinguishing textured regions together with the radial
distance, which is usually small in the lumen region, it was
possible to overcome the difficulty caused by the smooth
transition between regions. We can see that the automati-
cally segmented image presented in Fig. 9A has a better
luminal contour definition than the images yielded by the
traditional methods presented in Fig. 3. We can also see that
the automatically segmented images presented in Fig. 9
closely resemble the images manually segmented.

The effectiveness of the proposed radial distance feature
R can be observed in Fig. 7. In Fig. 7A we see an example
of segmentation without using the feature R. In this case,
the resulting segmentation is more irregular and contains
some subregions segmented inside the lumen region. This
oversegmentation occurs mainly because of some texture

and gray-level changes inside the lumen region. When the
radial distance feature R is added to the clustering process,
the differences among these segmented subregions is over-
come because they acquire a feature that is similar in most
of them, and then this strongly influences the clustering
result. Thus, we can obtain a more regular and compact seg-
mentation of the lumen region as shown in Fig. 7B.

In our tests, the moment-based texture features alone
could not provide sufficient information for reasonably
accurate lumen segmentation. The original contribution of
this work is the combination of moment-based texture fea-
tures with a position feature to comprise feature vectors for
the clustering of TVUS images leading to reasonable seg-
mentation of luminal contour.

However, the outer boundary of the vessel was not accu-
rately detected, mainly because of the much smoother tran-
sition between the vessel external wall and the surrounding
tissues. To overcome this difficulty, it seems that more global
features need to be added to the system.

The problem of the error shown in Fig. 10A that is gen-
erated by the guidewire and shadowed area seems hard to
solve using only these features based on moment and the
radial distance because actually these regions contain no
texture information. Thus, it seems that some kind of high-
level knowledge needs to be introduced in the system to
mimic human reasoning, as has recently been proposed by
Bovenkamp with the multiagent system.® Another possibil-
ity is a previous elimination of the region shadowed by
the guidewire from the image to be processed and, at the
end, to make an interpolation to close the boundary found
automatically.

Morphological smoothing could reduce the irregularities
present in the detected contour. This technique proved to
be useful in this application because it could efficiently elim-
inate the small unwanted segmented regions.

Luminal contour definition is also very useful in the
process of plaque segmentation, as has been commented in
a previous work.” The lumen boundary can be used to
refine the space of search for plaque in an IVUS image



because the plaque always appears inside the walls of the
vessel. Thus, the luminal contour can be used as an inner
border of a region of search for plaque.

The delimitation of a region of search for plaque is espe-
cially important for systems whose identification method is
based on clustering techniques and histograms. Elimination
of the lumen region from the process of clustering also
solves the problem of ring-down artifacts in the catheter
zone that frequently appear as bright regions in TVUS
images and sometimes influences the plaque segmentation
process.

The window sizes depend on the content of the image:
finer textures require a smaller window size to detect
smaller features and coarser textures require larger
windows. Thus, as the texture of the lumen region is finer
than vessel wall texture, an adaptive method for adjustment
of window size would probably be useful in the detection of
the vessel contour.

Conclusions

In this article, an automatic algorithm dedicated to luminal
contour segmentation in [IVUS images has been introduced.
This technique performs clustering of an input image on
the basis of moment-based texture features and the radial
distance.

Based on our tests, we can conclude that the moment-
based texture features together with radial distance are
feasible components for a feature vector in IVUS image
segmentation when the aim is to find the luminal contour.
However, some errors still occurred in the regions with
shadows.

The process was improved when a morphological
smoothing filtering was carried out after the clustering and
before the boundary detection process. Tests performed
with 15 images from different patients resulted in a corre-
lation coefficient of 0.86 between the lumen areas auto-
matically detected and the lumen areas manually detected.

Only the segmentation of the luminal contour has been
considered. As future work, we plan to extend this method
to detection of the vessel contour, which is necessary for
assessment of the degree of vessel stenosis. In practical
terms, once having determined the position of the blood-
tissue interface, the luminal area will be excluded and the
second contour will be searched in the remaining region.
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The aim of this study was to ultrasonically characterize photodamaged skin of the
elderly at the microscopic level using scanning acoustic microscopy which showed two-
dimentional distribution of sound speed in the skin section. We confirmed that the
expression level of the elastin gene was increased in the preauricular skin (photodamaged
area), compared with postauricular skin (photo-protected area). The expression level of
the procollagen gene was also increased in the preauricular skin compared with postau-
ricular skin. The preauricular skin showed higher sound speed in the papillary dermis
(Grenz zone). The site of progressive solar elastosis showed a somewhat sound speed
velocity than that of the Grenz zone. Immunohistochemical staining showed conserved
deposition of collagen in the Grenz zone even in the more photodamaged preauricular
skin. These results suggest that fibrosis in the Grenz zone compensates tissue strength
with the progress of solar elastosis. The sound speed analysis of skin will provide im-
portant information on heterogeneous mechanical changes in the skin during the process
of photoaging.

Key words: ultrasound, scanning acoustic microscopy, sound speed, collagen, photoag-
ing, papillary dermis

Abbreviations: SC, stratum corneum; SAM, scanning acoustic microscope; EVG stain,
elastica van Gieson’s stain; MMP, matrix metalloproteinase.

INTRODUCTION

Photoaging is distinguished from intrinsic
aging and shows some distinctive histological
alterations including enlargement and
dysplasia of keratinocytes in the epidermis,
solar elastosis and a mixed inflammatory
infiltrate in the dermis [1]. In particular,
the dermal degeneration such as collagen
[2, 3], elastin [4] and basal membrane [5]
degeneration cause a decrease in the elasticity
of skin [6], and promote the [ormation of
wrinkles. So far, skin clasticity has been
measured as a total physical property of
multilayers such as the stratum corneum,

keratinocyte layer and the dermis. Even in the
dermis, there are the differences in thickness
of collagen fibers [7] and the direction of
elastic fibers [8] from the papillary dermis to
the reticular dermis, but the contribution of
localized changes in the physical properties
of the dermis to the whole-skin elasticity
during photoaging remains obscure. It is
also important to clarify localized changes
of physical properties in the skin in the
formation of wrinkles.

A scanning acoustic microscope (SAM)
system has been used to determine
quantitatively the ultrasonic properties
of tissue at the microscopic level. Two-
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: Mechanical Scan

Transducer

Fig. 1 Concept of ultrasonic microscopy for tissue characterization.

dimensional distribution of sound speed
in microscopic sections can be obtained
using the SAM system. The sound speed is
considered to be mainly determined by the
elastic property of tissue components on the
assumption that biological tissue is [luid-like.
In fact, Verdonk et al. [9] and Hoffmcister et
al. [10] demonstrated that the velocity parallel
to myocardial fibers was faster than the
velocity perpendicular to the fibers. Saijo et al.
reported high sound speed in fibrotic sites in
the myocordium of patients with myocordial
infarction [11]. However, measurement of the
distribution of sound speed in the skin tissue
using the SAM system has not been widely
reported.

In this study, we ultrasonically characterize
and compare a photodamaged skin section
(preauricular area), and photo-protected skin
(postauricular area but not buttock skin)
using scanning acoustic microscopy, because
regional dillerences in the structure ol the
skin have been reported [12].

MATERIALS AND METHODS

Biopsies

Eight Japanese volunteers (three men and
five women; age range 66-83 years) were
recruited for this study. Surgical biopsies
were taken from both the preauricular skin
and the postauricular skin of the same
subject. The Tokai University Hospital Ethics
Committee approved the study, and written
consent was obtained from all subjects.
Four healthy Caucasian female volunteers
(age range 63-69 years) were also recruited.
Punch biopsies (3 mm) were taken from the

buttocks of cach subject. Informed consent in
writing was obtain from all subjects. Biopsy
specimens were fixed in formalin, embedded
in paraffin, sectioned to 10pm in thickness
using a microtome, and deparaffinized for
measurement using SAM.

Measurements By Scanning Acoustic Microscopy
Experimental setup

Figure 1 illustrates the concept of the
ultrasonic microscope (HUM-1000, Honda
Electronics Co., Ltd., Toyohashi, Japan) for
tissue characterization. An acoustic wave
is transmitted and received by the same
transducer. Distilled water is used for the
coupling medium between the specimen and
the transducer. Reflections at both surfaces
of the tissue are compared to measure the
sound speed and thickness. Two-dimensional
profiles of reflection intensity, thickness and
sound speed can be obtained by mechanically
scanning the transducer.

The transducer was 1.2 mm in aperture
diameter, and 1.5 mm in focal length. Its
nominal frequency range was 50-105 MHz
(—6 dB), with a central frequency of 80
MHz. An acoustic wave with a wide frequency
component was generated by applying the
voltage pulse, and irradiated the substrate.
The reflection was detected by the same
transducer, and was introduced into the
analog digital converter (ADC). The band
limit and sampling rate were 500 MHz and
2.0 GS/s, respectively. In order to reduce
random noise, cight of responses at the same
point were averaged in the ADC before being
introduced into the computer. The transducer
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was mounted on an X-Y stage that was
driven by the computer. Considering the focal
distancc and the cross scctional arca of the
transducer, the diameter of the focal spot was
estimated to be 18pm at 80 MHz.

Analysis

The analysis for the pulse driven type
microscopy is illustrated in Fig. 1 in
comparison with the conventional burst
driven type. The reflected wave is composed
of the reflection at the front and rear surfaces
of the tissue slice. In the pulse driven type, the
reflected wave in the time domain is Fourier
transformed into the frequency domain.
Then the attenuation and phase spectra are
compared with those of the direct reflection
at the glass surface where no tissue is present.
Bccausce the signal is the result of the
interference of two reflections, the attenuation
spectrum has both maximum and minimum
points as a function of frequency. Assuming
Jm as one of the minimum and maximum
points, and ¢m as the corresponding phase
angle, the phase lag between the above two
reflections at the minimum point is (2n — 1) 7,

giving
2d
2nf, x—=¢,+2n~-1
X =0, +(2n-D7 (),

0
where d, co, and n are the tissue thickness,
sound speed of the water, and a non-negative
integer, respectively. The phase lag at the

maximum point is 2n 7, giving
2d
2nf X—=¢ +2nmw

7 — = (2).

0

The phase angle ¢m can be expressed by
1 1

2nf X2d(———)=¢, (3),
€, €

since ¢m is the phase lag between the wave
passing through distance 2d with sound speed
c and that passing though the corresponding
distance with sound speed co. From egs. (1)
and (3),

d={$,+@2n-Dr}c,/4n f, 4)

is obtained. The thickness d can also be
obtained from egs. (2) and (3) as

d={¢,+2nn}c,/an f, (5).

The sound speed is subsequently obtained

as

1 -
c=( 2oy (6).
c, 4nf. d
After the measurement, staining with
clastica van Gieson's stain was performed.

Real-time PCR

The specimens for total RNA extraction
were conserved in RNAlater (Ambion,
Austin, TX). Total RNA was isolated from
human skin samples using TRIzol reagent
(Invitrogen Life Technologies, Carlsbad, CA)
and RNeasy Mini Kit (Qiagen, Valencia,
CA). cDNA synthesis was carried out with
MessageSensor'¥ RT Kit (Ambion). Real-
time PCR was performed on the ABI
PRISM 7000 Sequence Detection System
(Applicd Biosystems, Foster City, CA) using
TaqMan Gene Expression probes and
TagMan Universal PCR Master Mix (Applied
Biosystems). Gene-specific primers (Assay ID)
were as follows: Type I collagen al subunit
(COL1A1), Hs00164004; Type 1 collagen
a2 subunit (COL1A2), Hs00164099; and
tropoelastin (ELN), Hs00355783. The
quantity of PCR products was calculated
from the cycle threshold value. The levels of
gene expression were normalized with those
of the GAPDH gene.

Statistical analysis was performed using the
Wilcoxon signed-rank test.

Immunohistochemical staining

Paraffin-embedded biopsies were sectioned
(5pm), deparaffinized, ethanol-rehydrated,
subjected to antigen retrieval, and rinsed
with PBS. Nonspecific antibody binding was
blocked by incubating the sections for 10 min
in Protein Block Serum-Free (X0909, DAKO,
Glostrup, Denmark). Blocked sections were
incubated for 1 h with anti-collagen I (ab292,
Abcam, Cambridge, UK) or anti-elastin
(PR533, Elastin Products Company, MO,
USA) in 1% BSA/PBS. The sections were then
rinsed four times with PBS and incubated
for 1 h with Fluorescein(FITC)-conjugated
goat anti-rabbit IgG (111-095-144) or Cy3-
conjugated goat anti-rabbit IgG (111-165-144,
Jackson ImmunoResearch Laboratories,
PA, USA). The slides were then sealed using
SlowFade Antifade Kit (S-2828, Molecular
Probes, OR, USA). The slides were examined
by a laser scanning confocal microscope (Carl
Zeiss LSM510, Jena, Germany).
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Fig. 2 Gene expression of procollagen and tropoelastin in the postauricular and preauricular skin.
Total RNA were extracted from the postauricular and preauricular skin of the same subjects (n
=5), and applied to quantitative real-time PCR. Symbols shows age and sex of each subject.
COLI1A]1, Type I collagen al subunit; COL1A2, Type I collagen a2 subunit; ELN, tropoelastin;
GAPDG, glyceraldehydes-3-phosphate dehydrogenase

Fig. 3 Two-dimensional distribution of ultrasonic velocity and EVG staining of
postauricular skin (66 year-old female). A, ultrasonic velocity; B, EVG stain. Higher
ultrasonic velocity was observed in the uppermost of the stratum granulosum (arrow)
and collagen layer beneath the epidermis (%*).

RESULTS

To confirm the status of photodamage
of aged preauricular skin, elastin and
procollagen mRNA were measured by real-
time PCR. The mRNA level of elastin in the
prcauricular skin was markedly increcased
compared with the postauricular skin (Fig. 2).
Contrary to our expectations, the mRNA level
of collagen a2 (I) in the preauricular skin
was significantly increased and the mRNA
level of collagen al (I) in the preauricular

skin also tend to be increased, compared with
the postauricular skin.

Figure 3 shows EVG staining and the
acoustic image of postauricular skin (photo-
protected area) of a female (66 years old).
The sound speed varied from about 1500 to
1600 m/s in the tissue. The uppermost layer
of keratinocytes and the dermis beneath the
epidermis showed a relatively higher sound
speed (light blue). The uppermost layer of
keratinocytes seemed to coincide with the
granular layer in the epidermis. The collagen
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Fig. 4 Two-dimensional distribution of ultrasonic velocity and EVG staining of buttock
skin. A, ultrasonic velocity; B, EVG stain. Decreased ultrasonic velocity was
observed in the thin collagen layer beneath the epidermis (arrow). Higher ultrasonic

velocity was observed in the dunning thick collagen fibers in the deeper dermis (%).
Scale, 200pm

Fig. 5 Two-dimensional distribution of ultrasonic velocity and EVG staining of
preauricular skin of subject shown in Fig. 3. A, ultrasonic velocity; B, EVG stain.
Increased ultrasonic velocity in the Grenz zone (%) and decreased ultrasonic velocity
in the solar elastosis were observed (arrow). Scale, 200pm



222 — M. MIYASAKA et al.

Fig. 6 Two-dimensional distribution of ultrasonic velocity and EVG staining of
preauricular skin (69 year-old male). A, ultrasonic velocity; B, EVG stain. Increased
ultrasonic velocity in the Grenz zone (arrow) and decreased ultrasonic velocity in
part of the solar elastosis were observed (*). Scale, 200pm

Subject 1 Subject 2

collagen I elastin collagen I elastin

A ~a

Fig. 7 Protein expression of procollagen and tropoelastin in postauricular and auricular skin.
Preauricular (A) and postauricular skin (B) was obtained from subject 1 (shown in Fig. 3 and
5) and subject 2 (shown in Fig. 6). Procollagen (green) and tropoelastin (red) were stained
immunohistochemically using corresponding antibodies. The dashed line shows the dermo-
epidermal junction. The solid line shows the surface of the skin. Decreased signal (arrow) was
observed at the site of solar elastosis. Scale, 100pm.
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layer in the dermis beneath the epidermis had
hardly any anchoring structure of oxytalan
fibers as scen in the buttock skin (Fig. 3)
but maintained an sound speed of about
1600 m/s, suggesting that the collagen layer
sustained the physical strength of tissue.
Figure 4 shows images of buttock skin (photo-
protected area) of a female (69 years old).
A decrease in sound speed was observed in
the thin collagen layer without a progressive
anchoring structure of oxytalan fibers. In the
deeper dermis, higher sound speed (more
than 1700 m/s) was observed in the thicker
collagen fiber.

Figure 5 shows images of preauricular skin
(photodamaged area) of a female (66 years
old). The Grenz zone, which is a hallmark of
photodamage, was developed on a clump of
dcgencerated thick clastic fibers. The Grenz
zone showed a higher sound speed (more
than 1700 m/s). A decrease in the sound
speed in part of the solar elastosis was

observed. In the other case of preauricular

skin (Fig. 6, 69 year-old male), solar elastosis
was highly developed and the Grenz zone
could be distinguished clearly by the sound
speed (yellow to red).

To investigate the collagen content
in the Grenz zone, skin samples were
immunohistochemically stained using the
antibody for collagen 1. This antibody showed
a stronger signal in the papillary dermis than
in the deeper dermis both in the preauricular
and postauricular skin (Fig. 7). The Grenz
zonc was clearly distinguished from the site
of the deposition of elastin as seen by EVG
staining in the preauricular skin. The Grenz
zone conserved the signal of collagen I even
in the more photodamaged preauricular skin
(Fig. 7, subject 2). Deeper dermis showed a
decreased signal of collagen I in part of the
solar elastosis site.

DISCUSSION

In the present study, we first demonstrated
the two-dimensional sound speed images
of skin tissue at the microscopic level using
scanning acoustic microscopy. We found four
characteristic properties of sound speed in
the skin as follows; (1) high sound speed of
the keratinizing layer in the uppermost layer
of the stratum granulosum, (2) discontinuous
distribution of sound speed in the collagen
layer beneath the epidermis in aged skin,
(3) high sound speed associated with thick

collagen fibers in the deeper dermis, and (4)
an increase in the sound speed in the Grenz
zone in photodamaged skin.

On the assumption that biological tissue is
fluid-like, the sound speed is considered to be:

C =y (K/p) ().

where C is the sound speed, K is the elastic
bulk modulus and p is the density. High
molecular mass and highly elastic components
in the skin increase the sound speed. Saijo et
al. reported high sound speed associated with
stiffness in fibrotic sites in the tissue of the
infarcted myocardium. The sound speed is
considered depend on the content and quality
of collagen fibers [11]. In fact the intensity
(dark pink color) of the EVG stain is almost
coincident to with the sound speed in this
study. Increased sound speed was associated
with thicker collagen fiber in the deeper
dermis of buttock skin.

The sound speed of the keratinizing
layer on the uppermost layer of the stratum
granulosum may reflect the condition of
differentiation of keratinocytes because
keratinocytes produce and cross-link with
keratin and components of the cornified
envelope in the terminal differentiation
to corneocytes to produce rigid stratum
corneum [13]. Cross-linking of the cornified
envelope may be a polymerizing process
influencing the sound speed. A discontinuous
layer of sound speed is sometimes observed
in the skin, suggesting the heterogencous
keratinizing state of the stratum corneum on
the surface of the skin.

We choose postauricular skin as photo-
protected skin. We confirmed markedly
extremely increased expression of elastin
gene in the preauricular skin, compared with
the postauricular skin. Generally, buttock or
forearm skin is often used as photo-protected
skin in the study of photoaging. but there
are few reports demonstrating a comparison
between postauricular skin and preauricular
skin. Bhawan et al. pointed structural
differences between facial skin and forearm
skin as photodamaged skin [1, 12]. When
compared with buttock skin, postauricular
skin has some differences as follows; (1)
less anchoring structure of oxytalan fibers
beneath the epidermis, (2) low content of
elastic fibers and (3) a decrease in the sound
speed in the dermis, suggesting that there
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is a difference not only in the structure but
also in physical properties. Disappearance of
the anchoring structurc of oxytalan fibers
beneath the epidermis and decreased content
of elastic fibers are the main changes in
intrinsically aged skin [14]. The postauricular
skin is reasonable as photo-protected skin
compared with buttock skin.

Interestingly, in the postauricular skin,
the papillary dermis showed a higher sound
speed than that of deeper dermis. This
zone is considered to be a site where newly
synthesized collagen is localized [15, 16]. We
also confirmed an intensive immunochemical
signal of collagen I in the papillary dermis in
the postauricular skin. This zone may have an
important role in sustaining the strength of
the skin. Alternately, the decrease in the sound
spced was obscrved in the thin collagen layer
without an anchoring structure of oxytalan
fibers in the buttock skin, suggesting that the
progression of oxytalan fiber may be related
to the synthesis of collagen and the strength
of collagen fibers.

Photodamaged skin shows hallmarks such
Grenz zone formation and solar elastosis
[17], but the physiological function of this
zone has been not clarified. We first found
that the Grenz zone showed a higher sound
speed more than the site of solar elastosis,
and that the sound speed in part of the solar
elastosis was actually decreased. Moreover,
we detected deposition of collagen I in the
Grenz zone even in the more photodamaged
prcauricular skin. These results suggest that
the fibrosis in the Grenz zone compensates
the strength of tissue with the progress
of solar elastosis. Photoaging brings a
decreased elasticity of the skin. Ultraviolet
rays are considered to promote the decrease
in the collagen content [2], degeneration
of collagen fibers [3], and accumulation of
degenerated elastin [18]. In the Grenz zone,
type I collagen synthesis is considered to be
depressed in photodamaged skin [2, 16] and
degenerated collagen fibers are observed
[19, 20]. Type VII collagen synthesis is also
reported to be depressed [21], although some
reports demonstrate that the synthesis of
type 1 collagen [22], type III collagen [23]
and type VI collagen [24] is maintained in
the Grenz zone. These discrepancies may be
due to the status of photodamage and/or the
examined site. We detected overall increased
expression of collagen gene and conserved

deposition of collagen I in the Grenz zone
in the preauricular skin. Chung et al. also
reported an increase in the collagen mRNA
level in photoaged skin [22]. They argued
that the degradation of collagen by MMPs
was activated in the photodamaged skin. But
localized modification of collagen may also
take place in photodamaged skin. At least, the
Grenz zone seems to exhibit different collagen
metabolism than the the deeper dermis in
photodamaged skin. Lavker emphasized that
the Grenz zone, which had packed collagen
fibrils in colinear arrangement, was a fibrosis-
like microscar [17]. The Grenz zone may
not be simply damaged, and rather plays
an important role in sustaining the physical
strength of photodamaged skin by rescuer
{ibrosis.

In conclusion, this study is the first to
demonstrate the change of heterogeneous
physical strength in the photodamaged skin
using the SAM system. The SAM system will
did in clarification of the role of structural
proteins in photodamaged skin.
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Abstract: Scanning acoustic microscopy (SAM) for
biomedicine is useful for intra-operative pathological
examination, understanding of lower frequency
ultrasonic images, and assessment of biomechanics
at a microscopic level. Recently, we have proposed a
new concept SAM utilizing a single pulsed wave
instead of continuous waves used in conventional
SAM systems. Speed of sound images of 300x300
pixels were successfully obtained within 150 sec.

Introduction

Since 1985, we have been developing a scanning
acoustic microscope (SAM) system for biomedical use
and have been investigating acoustic properties of
various organs and various disease states with this SAM
system [1-2]. SAM for biomedicine is useful for intra-
operative pathological examination, understanding of
lower frequency ultrasonic images, and assessment of
biomechanics at a microscopic level. The originality of
our traditional SAM system is that it can provide
quantitative values of attenuation and sound speed of a
thinly sliced soft tissue.

Recently, we have proposed a new concept SAM
utilizing a single pulsed wave instead of continuous
waves used in conventional SAM systems [3]. Here, we
present example images of some kinds of pathological
specimens.

Materials and Methods

System: Figure | shows a block diagram of sound
speed microscopy for biological tissue characterization.
A single pulsed ultrasound with 5 ns pulse width was
emitted and received by the same transducer above the
specimen. The aperture diameter of the transducer was
1.2 mm and the focal length was 1.5 mm. The central
frequency was 80 MHz and the pulse repetition rate was
10 kHz. Considering focal distance and the sectional
area of the transducer, the diameter of focal spot was
estimated as 20 micron at 80 MHz. Distilled water was
used as the coupling medium between the fransducer
and the specimen. The reflections from the tissue

surface and from the interface between tissue and glass
were received by the transducer and were introduced
into a digital oscilloscope (Tektronics TDS 5052, USA).
The frequency range was 300 MHz and the sampling
rate was 2.5 GS/s. Four times of pulse responses at the
same point were averaged in the oscilloscope in order to
reduce random noise.

The transducer was mounted on an X-Y stage with a
microcomputer board which was driven by the
computer installed in the digital oscilloscope through
RS-232C. X-scan was driven by a linear servo-motor
and Y-scan was driven by a stepping motor. Finally,
two-dimensional distributions of ultrasonic intensity,
sound speed and thickness of the specimen of 2.4 by 2.4
mm area were visualized with 300 by 300 pixels. Total
scanning time was 150 sec.

Figure 1: Block diagram of the system

Signal Analysis: The reflected wave at the glass
surface without tissue was employed as a reference
waveform. The wave from the tissue area contained two
reflections at the surface and the interface of tissue and
glass. The frequency domain analysis was performed by
analyzing interference between two components which
cannot be separated in time domain analysis. Intensity
and phase spectra were calculated by Fourier-
transforming the waveform. The spectra were



normalized by the reference waveform. Figure 2 shows
the frequency domain analysis of interfered waves.
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Figure 2: Frequency domain analysis of interfered
waves

Assuming f., as the minimum point in the intensity
spectrum, and @, as the corresponding phase angle, the
phase difference between the two reflections at the
minimum point is (2n-1)7, giving

2d
27 [ ogin X— = @pin + 20— ---(1)
cﬂ
where d, ¢,, and n are the tissue thickness, sound speed
of the water, and a non-negative integer, respectively.

The phase angle @,,;, can be expressed by

27 f i xzd[i—l] = fun -+ (2)
¢, ¢
since @, is the phase difference between the wave
passed through the distance 2d with sound speed ¢ and
that passed through the corresponding distance with
sound speed ¢,. By solving the equations (1) and (2),
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is obtained. Speed of sound at the minimum point
frequency is finally calculated as
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Results

Figure 3 is a snapshot of the PC window showing a
SAM image. The upper left is the intensity image, the
upper middle is the speed of sound image, the upper
right is the waveform, and the lower middle is the
thickness image, respectively. The example is breast
cancer with scirrhous change. The speed of sound is
1700 m/s at the fibrotic lesion while that is 1560 m/s in
the ductus area.

Figure 3: A snapshot of the PC window showing a SAM
image

Discussion

The speed of sound image obtained with the new
concept SAM showed physical characteristics of breast
cancer with scirrthous change. Fibrotic lesion showed
higher speed of sound than normal breast ductus area.
The data acquisition of one frame was 8sec in
conventional SAM and 150 sec in speed of sound SAM.
However, the operator of conventional SAM required a
skill, for example, to correct tilting of specimen. The
correction of tilting was done automatically in sound
speed microscopy and the user interface was friendly to
medical and pathological researcher.

Conclusions

An acoustic microscope system which can measure
sound speed of thinly sliced biological material was
developed. It was a unique acoustic microscope because
it used a single pulse and Fourier transform to calculate
sound speed at all the measuring points. Although the
data acquisition time of one frame was longer than the
conventional SAM, total time for calculation was
significantly shorter. It can be applied to intra-operative
pathological examination.
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Abstract: Flow mediated dilatation (FMD) is a
clinically available, important parameter of vascular
endothelial function. However, the measurement of
FMD was difficult because skilful and precise
measurement based on B-mode ultrasound was
required. We propose a novel measuring system of
FMD based on change of vascular compliance by
analyzing pulsed wave pressure and volume. FMD
was successfully obtained in healthy volunteers but
the time course was different from that obtained by
conventional ultrasound measurement.

Introduction

Flow mediated dilatation (FMD) is a clinically
available parameter of vascular endothelial function.
FMD is reactive hyperemia caused by releasing nitric
oxide (NO) from vascular endothelium after occluding
and releasing brachial artery. FMD is a good predictive
factor of atherosclerosis and is very sensitive to drug
response [1-3]. Previously, FMD has been measured by
B-mode ultrasound [4]. However, the measurement
required skilful sonographers and the precision of
measurement was limited by the frequency of
ultrasound.

In the present study, we propose a novel measuring
algorithm of FMD based on beat by beat calculation of
vascular compliance by analyzing pulsed wave pressure
and volume simultaneously.

Materials and Methods

Subjects: Ten healthy volunteers (18-62 years old,
male) were involved. Smoking or eating was prohibited
before 30 minutes of measurement. Written informed
consent was obtained from each volunteer.

Electrocardiogram (ECG): Electrocardiogram was
monitored during measurement by conventional
electrodes.

Pulsed Wave Volume: Pulsed wave volume was

measured by electrical impedance change of the forearm.

Two sheet electrodes were attached 10 cm apart on the
forearm and electric impedance was measured.

Pulsed Wave Pressure: Pulsed wave pressure was
measured by a ceramic piezoelectric sensor attached
upon the radial artery.

B-mode Ultrasound: The diameter of brachial artery
was measured by conventional B-mode ultrasound with
central frequency of 13-MHz as a reference. The probe
was fixed upon the brachial artery by a special probe
holder.

Experimental Setup: The volunteer was laid on a bed
in dark condition with adequate air-conditioning. Blood
pressure (BP) was measured and the brachial artery was
occluded by a cuff at the pressure 50 mmHg higher than
the systolic BP. All the parameters (electrocardiogram,
pulsed wave pressure, pulsed wave volume and
ultrasound) were recorded before occlusion as control.
The occlusion was maintained for 5 minutes. All the
parameters were again recorded beat by beat until 15
minutes after occluding brachial artery. Figure 1 shows
the experimental setup.
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Figure 1: The Experimental Setup

Calculation of FMD: As the vascular compliance
can be calculated by equation (1).

c_ AV _ 27R*(1-0?)
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The radius of the artery can be expressed as equation (2),
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