
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 formation of 
wrinkles. So far, skin elasticity has been 
measured as a total physical property of 
multilayers such as the stratum corneum, 
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keratinocyte layer and the dermis. Even in the 
dermis, there are the differences in thickness 
of collagen fibers [7] and the direction of 
elastic fi bers [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) 
sys t em has  b e en  used  to  de t ermine 
quantitatively the ultrasonic properties 
of tissue at the microscopic level. Two-
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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.
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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 fl uid-like. 
In fact, Verdonk et al. [9] and Hoffmeister et 
al. [10] demonstrated that the velocity parallel 
to myocardial fibers was faster than the 
velocity perpendicular to the fi bers. Saijo et al. 
reported high sound speed in fi brotic 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 differences in the structure of 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 each subject. Informed consent in 
writing was obtain from all subjects. Biopsy 
specimens were fi xed in formalin, embedded 
in paraffin, sectioned to 10µm 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, eight of responses at the same 
point were averaged in the ADC before being 
introduced into the computer. The transducer 

Fig. 1   Concept of ultrasonic microscopy for tissue characterization.
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was mounted on an X-Y stage that was 
driven by the computer. Considering the focal 
distance and the cross sectional area of the 
transducer, the diameter of the focal spot was 
estimated to be 18µm at 80 MHz. 

Analysis
The analysis for the pulse driven type 

microscopy is  i l lustrated in Fig.  1  in 
comparison with the conventional burst 
driven type. The refl ected wave is composed 
of the refl ection at the front and rear surfaces 
of the tissue slice. In the pulse driven type, the 
refl ected 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.  
Because the signal is the result of the 
interference of two refl ections, the attenuation 
spectrum has both maximum and minimum 
points as a function of frequency. Assuming 
∫m as one of the minimum and maximum 
points, and φm as the corresponding phase 
angle, the phase lag between the above two 
refl ections at the minimum point is (2n－1)π, 
giving

 (1),

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 2nπ, giving 

 (2).

The phase angle φm can be expressed by

 (3),

since φm 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 eqs. (1) 
and (3),

 (4)

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

  (5).

The sound speed is subsequently obtained 

as

  (6).

After the measurement, staining with 
elastica 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 
MessageSensorTMMessageSensorTMMessageSensor  RT Kit (Ambion). Real-
t ime PCR was performed on the ABI 
PRISM 7000 Sequence Detection System 
(Applied Biosystems, Foster City, CA) using 
TaqMan Gene Expression probes and 
TaqMan Universal PCR Master Mix (Applied 
Biosystems). Gene-specifi c primers (Assay ID) 
were as follows: Type I collagen α1 subunit 
(COL1A1), Hs00164004 ; Type I collagen 
α2 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
Paraffi n-embedded biopsies were sectioned 

(5µm), deparaffinized, ethanol-rehydrated, 
subjected to antigen retrieval, and rinsed 
with PBS. Nonspecifi c 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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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 
preauricular skin was markedly increased 
compared with the postauricular skin (Fig. 2). 
Contrary to our expectations, the mRNA level 
of collagen α2 (I) in the preauricular skin 
was significantly increased and the mRNA 
level of collagen α1 (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 

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.
COL1A1, Type I collagen α1 subunit; COL1A2, Type I collagen α2 subunit; ELN, tropoelastin; 
GAPDG, glyceraldehydes-3-phosphate dehydrogenase 

Fig. 3Fig. 3   Two-dimensional distribution of ultrasonic velocity and EVG staining of    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 (＊). 
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Fig. 4Fig. 4   Two-dimensional distribution of ultrasonic velocity and EVG staining of buttock    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 fi bers in the deeper dermis (＊).  
Scale, 200µm

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, 200µm
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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, 200µm

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, 100µm.
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layer in the dermis beneath the epidermis had 
hardly any anchoring structure of oxytalan 
fibers as seen 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 fi bers. In the 
deeper dermis, higher sound speed (more 
than 1700 m/s) was observed in the thicker 
collagen fi ber. 

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 
degenerated thick elastic 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 invest igate the collagen content 
in the Grenz zone, skin samples were 
immunohistochemically stained using the 
antibody for collagen I. 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 
zone 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 fi rst 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 fi bers 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 
fl uid-like, the sound speed is considered to be:

C＝√(K/ρ) (7).

where C is the sound speed, K is the elastic 
bulk modulus and ρ 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 cornifi ed 
envelope may be a polymerizing process 
infl uencing the sound speed. A discontinuous 
layer of sound speed is sometimes observed 
in the skin, suggesting the heterogeneous 
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 fi bers 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 structure 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 confi rmed 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 
speed was observed in the thin collagen layer 
without an anchoring structure of oxytalan 
fi bers in the buttock skin, suggesting that the 
progression of oxytalan fi ber may be related 
to the synthesis of collagen and the strength 
of collagen fi bers. 

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 
preauricular 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 I 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 
fi brils in colinear arrangement, was a fi brosis-
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 
fi brosis. 

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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