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Abstract Port-wine stain (PWS) is categorized as a benign capillary vascular mal-
formation, which is difficult to cure. In general, PWS appears on the face, but it can
affect other areas of the body too. The affected skin surface may thicken slightly
and develop an irregular, pebbled surface in adulthood. PWS’s cosmetic appear-
ance causes substantial mental stress for the patients. Currently, characterization and
treatment evaluation of PWS are generally conducted using physical examination
and using imaging tools like digital camera, ultrasound imaging, dermoscopy, and
tristimulus colorimeters. All these commonly used imaging techniques do not offer
enough imaging depth and contrast required for the accurate evaluation of PWS. In
this clinical pilot study, we demonstrated for the first time that LED-based photoa-
coustics can be used as a point-of-care tool for clinical evaluation and PDT-treatment
monitoring of PWS disease.
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1 Introduction

Skin diseases, such as port-wine stain (PWS) can be diagnosed and treated using
techniques like photoacoustic imaging (PAI) [1–3], photodynamic therapy (PDT)
and acoustic dynamic therapy (ADT) because the lesions are located at the superficial
skin layer.

PWS is a discoloration of human skin caused by a vascular anomaly (i.e., cap-
illary malformation in the skin). In the past years, several techniques have been
developed for characterization and treatment evaluation of PWS. In current derma-
tology clinical practice of China, physicians diagnose and evaluate the status of
PWS dominantly based on subjective observation. The primary assisting tools used
in the evaluation process of PWS include digital camera (DC), high-frequency ultra-
sound, Dermoscopy, and Tristimulus colorimeters (VISIA-CR™ system). Each of
them has some limitations. Optical methods working in the ballistic regime, such as
dermoscopy and VISIA, do not have sufficient penetration to cover the entire scale
of PWS. High-frequency ultrasound, although with better imaging depth, does not
offer sufficient contrast to differentiate PWS and healthy skin tissue.

The emerging photoacoustic (PA) imaging technology is capable of mapping
the optical absorption contrast in deep biological tissue with excellent ultrasonic
resolution. Combining the advantages of US imaging and fluorescence imaging,
PA imaging offers great potential to offer a new way for the evaluation of PWS,
quantitatively.

2 Theory

The human skin is mainly composed of three layers: epidermis, dermis, and hypo-
dermis (Fig. 1). The epidermis is divided into two sub-layers: The stratum corneum
(~10 μm thickness) with high lipids and low water content and living epidermis
(~80 μm thickness) containing melanosomes for light absorption and scattering.
The dermis (~2 mm thickness) has two sub-layers too: The papillary dermis and the
reticular dermis, which contains two vascular plexuses, i.e., upper and deep blood
plexuses in the upper and lower reticular dermis. The thickness of hypodermis is
around 3 mm [4, 5].

The thickness d, light absorption coefficient η, and optical depth (ηd) of each
skin layer at 840 and 532 nm are shown in Table 1 [2, 4, 6]. The optical depth of
the dermis layer is the largest and contributes most to the optical absorption of the
whole skin.

Especially for 840 nm, the light absorption coefficients of upper and deep blood
plexuses are much larger than those of other layers, meaning that the change of the
blood plexuses thickness has more effect on the total optical absorption. While not
only is the epidermis thin, it also absorbs very little light. On the other hand, although
the hypodermis and muscle layers are relatively thick, their absorption is much less
than that of the dermis.
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Fig. 1 Schematic of the multilayered skin

Table 1 Thickness, light absorption coefficients and optical depths of the normal skin [4, 6] and
PWS [2] at 840 and 532 nm

Layers d (mm) λ = 840 nm λ = 532 nm

η

(mm−1)
η · d η

(mm−1)
η · d

Epidermis Stratum
corneum

0.01 0.00091 0.010 4.0 0.36

Living
epidermis

0.08 0.13 4.0

Dermis Papillary
dermis

0.1 0.105 0.23 0.5 2.34

Upper
blood
plexus

0.08 0.15875 2.45

Reticular
dermis

1.50 0.105 0.5

Deep
blood
plexus

0.07 0.4443 18.1

Dermis 0.16 0.105 0.5

Hypodermis 3.0 0.009 0.027 0.4778 1.43

Muscle tissues 3.0 0.029 0.087 0.1366 0.41

PWS (upper blood
plexus)

0.1 ~ 1.5 0.15875 0.016 ~ 0.24 2.5 0.25 ~ 3.75
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Fig. 2 Theoretical model
for photoacoustic detection
of skin tissue

PWS is a benign neoplasia formed by hyperplasia and dilatation of postcapillary
venules throughout the epidermis and dermis of the skin. The thickness of lesion is
usually about 0.1–1.5 mm, and its light absorption coefficient is similar to that of
upper capillary plexuses, which causes the light absorption of skin in visible and
near-infrared bands to increase significantly.

The light penetration depthsμη(1/η̄) of the lesion at 840 and 532 nmare estimated
at around 6.3 mm and 0.41 mm, respectively. Comprehensively considering the
optical attenuation and imaging depth, it is evident that 840 nm is more suitable
for PWS detection than 532 nm.

Therefore, we approximately treated the light absorption layer (lesions) as com-
posed of the epidermis and the dermis. The hypodermis was treated with weak light
absorption and themuscle tissuewere took as the backing tissuewithout light absorp-
tion. Hence, the three layers of transparent liquid (coupling layer)—light absorption
tissue (lesions)—backing tissue formed the physical model for PA signal excitation
and detection (Fig. 2).

2.1 Temperature Field

A pulsed plane-wave laser beam with light intensity I0(t), wavelength λ, and pulse
width τ L is incident perpendicularly on the skin surface after passing through a
transparent coupling layer f (liquid) [7]. Skin tissue is composed of two layers.
The upper layer a is lesion with the thickness l, the density ρa, the specific heat
capacity CTa, the thermal conductivity κTa, the thermal diffusivity αTa = κTa/ρaCTa,
and light absorption coefficient η(λ), which absorbs light energy and form a heat
source distributing along the depth z. The thermal power density of the heat source
is,

g(z, t) = ηI (z, t) = ηI0(t)e
ηz . (−l < z < 0) (1.1)
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The second layer is a semi-infinite transparent medium b, whose density, specific
heat capacity, thermal conductivity, and thermal diffusivity are ρb,CTb, κTb, and αTb.
The heat source in medium a heats the adjacent medium b and liquid layer f through
heat conduction. The PA signal is formed by the thermoelastic signal of medium a,
and the thermal expansion of liquid layer f. This PA signal can be received by the
acoustic probe being placed at a distance ‘Z’ away from the interface of layer a and
f in the liquid layer. When the detector scans along x-axis (or using an ultrasound
array probe), the photoacoustic images of different components or structures in the
tissue can be obtained together with the ultrasound images.

The temperature fieldsTa(z, t),Tb(z, t), andTf (z, t) inmedia a, b and f respectively
satisfy the heat conduction equation:

∂2

∂z2
Ta(z, t) − 1

αTa

∂

∂t
Ta(z, t) = −g(z, t)

kTa
= − η

kTa
I0(t)e

ηz, (0 ≥ z > −l)

(1.2)

∂2

∂z2
Tb(z, t) − 1

αTb

∂

∂t
Tb(z, t) = 0, (−l ≥ z > −∞) (1.3)

∂2

∂z2
T f (z, t) − 1

αT f

∂

∂t
T f (z, t) = 0 (z > 0) (1.4)

Here, αTj = κTj/ρ jCTj and κTj are the thermal diffusivity and conductivity of
medium j (=a, b, f ), respectively. ρ j and CTj are the density, specific heat capacity
accordingly. The Initial conditions at t = 0,

Ta(z, 0) = Tb(z, 0) = T f (z, 0) = T∞ = 0, (1.5a)

∂

∂t
Ta(z, 0) = ∂

∂t
Tb(z, 0) = ∂

∂t
T f (z, 0) = 0, (1.5b)

And the boundary conditions at Z = −l and Z = 0,

Tb(−l, t) = Ta(−l, t), (1.6a)

Ta(0, t) = T f (0, t), (1.6b)

kTb
∂

∂z
Tb(−l, t) = kTa

∂

∂z
Ta(−l, t), (1.6c)

kTa
∂

∂z
Ta(0, t) = kT f

∂

∂z
T f (0, t). (1.6d)

The Laplace transform of heat conduction equations:

∂2

∂z2
Ta(z, s) − σ 2

a Ta(z, s) = − η

kTa
I0(s)e

ηz, (0 ≥ z > −l) (1.7a)
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∂2

∂z2
Tb(z, s) − σ 2

b Tb(z, s) = 0, (−l ≥ z > −∞) (1.7b)

∂2

∂z2
T f (z, s) − σ 2

f T f (z, s) = 0, (z > 0) (1.7c)

Here, σ 2
j = s/αT j , j = a, b, f .

And the Laplace transform of boundary conditions at Z = −l and Z = 0,

Ta(−l, s) = Tb(−l, s), (1.8a)

Ta(0, s) = T f (0, s), (1.8b)

kTa
∂

∂z
Ta(−l, s) = kTb

∂

∂z
Tb(−l, s), (1.8c)

kTa
∂

∂z
Ta(0, s) = kT f

∂

∂z
T f (0, s), (1.8d)

The general solution of Eq. (1.6a) is

T h
a (z, s) = A(s)eσa z + B(s)e−σa z .

Assume the particular solution of Eq. (1.6a) is

T ∗
a (z, s) = −M(s)I0(s)e

ηz,

and substitute it to Eq. (1.6a) to obtain

−M(s)I0(s)e
ηz
(
η2 − σ 2

a

) = − η

kTa
I0(s)e

ηz .

Then we can solve the particular solution coefficient

M(s) = η

kTa
(
η2 − σ 2

a

) , (1.9)

So, the Laplace transform solution of temperature field in medium a is

Ta(z, s) = A(s)eσa z + B(s)e−σa z − M(s)I0(s)e
ηz . (0 ≥ z > −l) (1.10a)

And the Laplace transform solutions of temperature field in medium b and f are

Tb(z, s) = D(s)eσb(z+l), (−l ≥ z > −∞) (1.10b)
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T f (z, s) = F(s)e−σ f z, (z > 0) (1.10c)

Substitute Eq. (1.10a)–(1.10c) into Eq. (1.8a)–(1.8d), the simultaneous equations
of coefficients A(s), B(s), C(s) and D(s) can be obtained as follows,

A(s) + B(s) − F(s) = M(s)I0(s),

A(s) − B(s) + ξF(s) = γ M(s)I0(s),

A(s)e−σal + B(s)eσal − D(s) = M(s)I0(s)e
−ηl ,

A(s)e−σal − B(s)eσal − χD(s) = γ M(s)I0(s)e
−ηl . (1.11)

Here,

ξ = kT f σ f

kTaσa
, χ = kTbσb

kTaσa
, γ = η

σa
. (1.11a)

From the coefficient determinant,

 =

∣∣∣∣∣
∣∣∣

1 1
1 −1

0 −1
0 ξ

e−σal eσal

e−σal −eσal
−1 0
−χ 0

∣∣∣∣∣
∣∣∣

= e−σal(1 − χ)(1 − ξ) − eσal(1 + χ)(1 + ξ),

A = M(s)I0(s)

∣∣∣∣∣∣
∣∣

1 1
r −1

0 −1
0 ξ

e−ηl eσal

γ e−ηl −eσal
−1 0
−χ 0

∣∣∣∣∣∣
∣∣

,

B = M(s)I0(s)

∣∣∣∣∣∣
∣∣

1 1
1 γ

0 −1
0 ξ

e−σal e−ηl

e−σal γ e−ηl
−1 0
−χ 0

∣∣∣∣∣∣
∣∣

,

D = M(s)I0(s)

∣∣∣∣∣∣
∣∣

1 1
1 −1

1 −1
γ ξ

e−σal eσal

e−σal −eσal
e−ηl 0
γ e−ηl 0

∣∣∣∣∣∣
∣∣

,

F = M(s)I0(s)

∣∣∣∣∣∣
∣∣

1 1
1 −1

0 1
0 γ

e−σal eσal

e−σal −eσal
−1 e−ηl

−χ γ e−ηl

∣∣∣∣∣∣
∣∣

,

A = M(s)I0(s)
[
(1 − ξ)(γ − χ)e−ηl − (γ + ξ)(1 + χ)eσal

]
,

B = M(s)I0(s)
[
(1 + ξ)(γ − χ)e−ηl − (γ + ξ)(1 − χ)e−σal

]
,

D = M(s)I0(s)
{[

(1 + γ )(1 + ξ)eσal − (1 − γ )(1 − ξ)e−σal
]
e−ηl − 2(γ + ξ)

}
,
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F = M(s)I0(s)
[
(1 + χ)(1 − γ )eσal − (1 + γ )(1 − χ)e−σal + 2(γ − χ)e−ηl

]
.

We get the solution of each coefficient,

A(s) = A


=
[
(1 − ξ)(γ − χ)e−ηl − (γ + ξ)(1 + χ)eσal

]

(1 − ξ)(1 − χ)e−σal − (1 + ξ)(1 + χ)eσal
M(s)I0(s), (1.12a)

B(s) = B


=
[
(1 + ξ)(γ − χ)e−ηl − (γ + ξ)(1 − χ)e−σal

]

(1 − ξ)(1 − χ)e−σal − (1 + ξ)(1 + χ)eσal
M(s)I0(s), (1.12b)

D(s) = D


=
{[

(1 + γ )(1 + ξ)eσal − (1 − γ )(1 − ξ)e−σal
]
e−ηl − 2(γ + ξ)

}

(1 − ξ)(1 − χ)e−σal − (1 + ξ)(1 + χ)eσal
M(s)I0(s), (1.12c)

F(s) = F


=
[
(1 − γ )(1 + χ)eσal − (1 + γ )(1 − χ)e−σal + 2(γ − χ)e−ηl

]

(1 − ξ)(1 − χ)e−σal − (1 + ξ)(1 + χ)eσal
M(s)I0(s). (1.12d)

Equations (1.10) and (1.12) show that the temperature field in each layer is related
to the incident laser pulse power, the absorbed light energy by medium a, and the
thermophysical properties of each layer of the medium. By using the Laplace trans-
form solution of the temperature field, the displacement field and stress field in the
media a, b and f can be solved by the thermoelastic equations of the solid and liquid
media, then the PA signal at position Z can be deduced.

2.2 Displacement Field in Media and Photoacoustic Signal
in Liquid

One-dimensional thermoelastic equation and constitutive equation along the z
direction in isotropic biological tissue a (Fig. 2) are:

(λa + 2μa)
∂2ua
∂z2

− (3λa + 2μa)βTa
∂Ta
∂z

= ρa
∂2ua
∂t2

,

τzza = (λa + 2μa)
∂ua
∂z

− (3λa + 2μa)βTaTa,

from which it can be derived that:

∂2ua
∂z2

− 1

c2a

∂2ua
∂t2

= Ga
∂Ta
∂z

, (2.1a)

τzza = ρac
2
a

[
∂ua
∂z

− GaTa

]
, (2.1b)

c2a = λa + 2μa

ρa
, Ga = βTa

(3λa + 2μa)

(λa + 2μa)
. (2.1c)
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Similarly, one-dimensional thermoelastic equation and constitutive equation of
biological tissue b (Fig. 2) are as follows:

∂2ub
∂z2

− 1

c2b

∂2ub
∂t2

= Gb
∂Tb
∂z

, (2.2a)

τzzb = ρbc
2
b

[
∂ub
∂z

− GbTb

]
, (2.2b)

c2b = λb + 2μb

ρb
, Gb = βTb

(3λb + 2μb)

(λb + 2μb)
. (2.2c)

Here, cj is speed of longitudinal wave of medium j,Gj is thermoelastic coefficient
of medium j, βT j is coefficient of linear expansion of medium j, λ j and μ j are Lamé
elastic constants of medium j (j = a, b).

Acoustic wave equation in liquid f,

ρ f
∂2u f

∂t2
= − ∂

∂z
p(z, t). (2.3)

One-dimensional state equation of liquid,

−p(z, t) = B f
∂u f (z, t)

∂z
− B f βT f (z, t) (2.3a)

From the derivative of Eq. (2.3a) with respect to z and substitute into Eq. (2.3),
the thermoelastic equation describing liquid particle displacement can be obtained,

ρ f
∂2u f

∂t2
= B f

∂2u f (z, t)

∂z2
− B f β

∂

∂z
T f (z, t),

Or

∂2u f (z, t)

∂z2
− 1

c2f

∂2u f (z, t)

∂t2
= β

∂

∂z
T f (z, t), (2.4)

Here, β is the volume thermal expansion coefficient of liquid, ρ f is the density of
liquid, Bf is the volume elasticity coefficient of liquid, and cf is the speed of sound
of liquid,

c2f = B f

ρ f
. (2.4a)

The initial conditions for particles motion in the three-layer media:

ua(z, 0) = ub(z, 0) = u f (z, 0) = 0, (2.5a)
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∂ua(z, 0)

∂t
= ∂ub(z, 0)

∂t
= ∂u f (z, 0)

∂t
= 0, (2.5b)

The boundary condition are continuous displacement and continuous normal
stress at the boundary z = 0 and z = −l,

ua(0, t) = u f (0, t), τzza(0, t) = −p(0, t), (2.6a)

ua(−l, t) = ub(−l, t), τzza(−l, t) = τzzb(−l, t). (2.6b)

The Laplace transform of thermoelastic displacement Eqs. (2.1), (2.2), (2.4) and
constitutive Eqs. (2.1a), (2.2a), (2.3a),

∂2ua(s, z)

∂z2
− s2

c2a
ua(s, z) = Ga

∂Ta(s, z)

∂z
, (−l < z < 0) (2.7a)

∂2ub(s, z)

∂z2
− s2

c2b
ub(s, z) = Gb

∂Tb(s, z)

∂z
, (z < −l) (2.7b)

∂2u f (s, z)

∂z2
− s2

c2f
u f (s, z) = β

∂T f (s, z)

∂z
, (z > 0) (2.7c)

τzza(s, z) = ρac
2
a

[
∂ua(s, z)

∂z
− GaTa(s, z)

]
, (2.8a)

τzzb(s, z) = ρbc
2
b

[
∂ub(s, z)

∂z
− GbTb(s, z)

]
, (2.8b)

p(s, z) = −ρ f c
2
f

[
∂u f (s, z)

∂z
− βT f (s, z)

]
. (2.8c)

Substitute Laplace transform solution (1.10) of temperature field into Eq. (2.7),
and get:

∂2ua(s, z)

∂z2
− s2

c2a
ua(s, z) = Ga

[
A(s)σae

σa z − B(s)σae
−σa z − M(s)I0(s)ηe

ηz
]
,

(2.9a)

∂2ub(s, z)

∂z2
− s2

c2b
ub(s, z) = GbD(s)σbe

σb(z+l), (2.9b)

∂2u f (s, z)

∂z2
− s2

c2f

∂2u f (s, z)

∂t2
= −σ f βF(s)e−σ f z . (2.9c)

To solve the displacement field Eq. (2.9) in the three-layer media, the particular
solutions of Eq. (2.9) can be set as:
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u∗
a(s, z) = Ga

[
a(s)σae

σa z − b(s)σae
−σa z − m(s)I0(s)ηe

ηz
]
,

u∗
b(s, z) = Gbd(s)σbe

σb(z+l),

u∗
f (s, z) = −σ f β f (s)e−σ f z . (2.10)

Substitute Eq. (2.10) to Eq. (2.9) and determine coefficients a(s), b(s),m(s), d(s),
and f (s) as

a(s)σae
σa z(σ 2

a − s2

c2a
) = A(s)σae

σa z, a(s) = A(s)
(
σ 2
a − s2

c2a

) ,

b(s)σae
−σa z

(
σ 2
a − s2

c2a

)
= B(s)σae

−σa z, b(s) = B(s)
(
σ 2
a − s2

c2a

) ,

m(s)I0(s)ηe
ηz

(
η2 − s2

c2a

)
= M(s)I0(s)ηe

ηz, m(s) = M(s)
(
η2 − s2

c2a

) ,

(
σ 2
b − s2

c2b

)
Gbd(s)σbe

σb(z+l) = GbD(s)σbe
σb(z+l), d(s) = D(s)

(
σ 2
b − s2

c2b

) ,

− σ f β f (s)e−σ f z

(

σ 2
f − s2

c2f

)

= −σ f βF(s)e−σ f z, f (s) = F(s)
(
σ 2
f − s2

c2f

) .

(2.11)

Suppose the homogeneous general solution of Eq. (2.9) as

uha(s, z) = ah(s)e(s/ca)z + bh(s)e−(s/ca)z,

uhb(s, z) = dh(s)e(s/cb)(z+l),

ph(s, z) = f h(s)e−(s/c f )z . (2.12)

Therefore, the displacement transformation solutions in media a and b and the
sound pressure transformation solution in the liquid are:

ua(s, z) = ah(s)e
(

s
ca

)
z + bh(s)e

−
(

s
ca

)
z

+ Ga

⎡

⎣ A(s)σa(
σ 2
a − s2

c2a

)eσa z − B(s)σa(
σ 2
a − s2

c2a

)e−σa z − ηI0(s)M(s)
(
η2 − s2

c2a

) eηz

⎤

⎦, (2.13a)

ub(s, z) = dh(s)e
(

s
cb

)
(z+l) + Gb

D(s)σb(
σ 2
b − s2

c2b

)eσb(z+l), (2.13b)
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u f (s, z) = f h(s)e−(s/c f )z − β
F(s)σ f(
σ 2
f − s2

c2f

)e−σ f z . (2.13c)

Substitute the displacement solution (2.13) into the Laplace transform of the
boundary condition:

ua(0, s) = u f (0, s), τzza(0, s) = −p(0, s),

ua(−l, s) = ub(−l, s), τzza(−l, s) = τzzb(−l, s),

and get the coefficients ah(s), bh(s), dh(s) and f h(s). Normal stress in biological
tissue is:

τzz j (s, z) = ρ j c
2
j

[
∂u j (s, z)

∂z
− G jTj (s, z)

]
, j = a, b, (2.13d)

And acoustic pressure in liquid is

p(s, z) = −ρ f c
2
f

[
∂u f (s, z)

∂z
− βT f (s, z)

]
,

p(s, z) =
⎡

⎢
⎣sz f f

h(s)e−(s/c f )z − ρ f s
2 βF(s)
(
σ 2
f − s2

c2f

)e−σ f z

⎤

⎥
⎦, (2.13e)

Here, z f = ρ f c f is acoustic impedance of the liquid.
From the boundary conditions, the linear equations of the unknown coefficients

are

ah (s) + bh (s) − f h (s) = −Ga

⎡

⎢
⎢
⎣

A(s)σa(
σ2
a − s2

c2a

) − B(s)σa(
σ2
a − s2

c2a

) − ηI0(s)M(s)
(

η2 − s2

c2a

)

⎤

⎥
⎥
⎦− β

F(s)σ f(

σ2
f − s2

c2f

) , (2.14a)

ah (s) − bh (s) + Za f f
h (s) = Za f

(
s

c f

)
βF(s)

(

σ2
f − s2

c2f

) −
(

s

ca

)
Ga

⎡

⎢⎢
⎣

A(s) + B(s)
(

σ2
a − s2

c2a

) − I0(s)M(s)
(

η2 − s2

c2a

)

⎤

⎥⎥
⎦. (2.14b)

ah(s)e
−
(

s
ca

)
l − bh(s)e

(
s
ca

)
l − Zabd

h(s) = GbZab

(
s

cb

)
D(s)

(
σ 2
b − s2

c2b

)

− Ga

(
s

ca

)⎡

⎣ A(s)

(σ 2
a − s2

c2a
)
e−σal + B(s)

(σ 2
a − s2

c2a
)
eσal − I0(s)M(s)

(
η2 − s2

c2a

) e−ηl

⎤

⎦, (2.14c)

ah(s)e
−
(

s
ca

)
l + bh(s)e

(
s
ca

)
l − dh(s) = Gb

⎡

⎣ D(s)σb(
σ 2
b − s2

c2b

)

⎤

⎦
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− Ga

⎡

⎣ A(s)σa(
σ 2
a − s2

c2a

)e−σal − B(s)σa(
σ 2
a − s2

c2a

)eσal − ηI0(s)M(s)
(
η2 − s2

c2a

) e−ηl

⎤

⎦, (2.14d)

or

ah(s) + bh(s) − f h(s) = N1(s), (2.14a)

ah(s) − bh(s) + Za f f
h(s) = N2(s), (2.12b)

ah(s)e
−
(

s
ca

)
l − bh(s)e

(
s
ca

)
l − Zabd

h(s) = N3(s), (2.14c)

ah(s)e
−
(

s
ca

)
l + bh(s)e

(
s
ca

)
l − dh(s) = N4(s), (2.14d)

Here,

Za f = z f

za
=
(

ρ f c f

ρaca

)
, Zab =

(
ρbcb
ρaca

)
, (2.14e)

where, z j = ρ j c j is the acoustic impedance of medium j (j = a, b and f ). And

N1(s) = −Ga

⎡

⎣ A(s)σa

(σ 2
a − s2

c2a
)

− B(s)σa

(σ 2
a − s2

c2a
)

− ηI0(s)M(s)
(
η2 − s2

c2a

)

⎤

⎦− β
F(s)σ f(
σ 2
f − s2

c2f

) ,

(2.15a)

N2(s) = Za f

(
s

c f

)
βF(s)

(
σ 2
f − s2

c2f

) −
(

s

ca

)
Ga

⎡

⎣ A(s) + B(s)

(σ 2
a − s2

c2a
)

− I0(s)M(s)
(
η2 − s2

c2a

)

⎤

⎦,

(2.15b)

N3(s) = Zab

(
s

cb

)
Gb

D(s)

(σ 2
b − s2

c2b
)

−
(

s

ca

)
Ga

⎡

⎣ A(s)

(σ 2
a − s2

c2a
)
e−σal + B(s)

(σ 2
a − s2

c2a
)
eσal − I0(s)M(s)

(
η2 − s2

c2a

) e−ηl

⎤

⎦,

(2.15c)

N4(s) = Gb

⎡

⎣ D(s)σb

(σ 2
b − s2

c2b
)

⎤

⎦
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− Ga

⎡

⎣ A(s)σa

(σ 2
a − s2

c2a
)
e−σal − B(s)σa

(σ 2
a − s2

c2a
)
eσal − ηI0(s)M(s)

(
η2 − s2

c2a

) e−ηl

⎤

⎦. (2.15d)

The coefficient determinant  and  f of Eqs. (2.14a–2.14d)

 =

∣∣∣∣∣
∣∣∣∣∣

1 1
1 −1

0 −1
0 Za f

e
−
(

s
ca

)
l −e

(
s
ca

)
l

e
−
(

s
ca

)
l
e
(

s
ca

)
l

−Zab 0
−1 0

∣∣∣∣∣
∣∣∣∣∣

,  f =

∣∣∣∣∣
∣∣∣∣∣

1 1
1 −1

0 N1(s)
0 N2(s)

e
−
(

s
ca

)
l −e

(
s
ca

)
l

e
−
(

s
ca

)
l
e
(

s
ca

)
l

−Zab N3(s)
−1 N4(s)

∣∣∣∣∣
∣∣∣∣∣

,

So,

 =
[(
1 + Za f

)
(1 + Zab)e

(
s
ca

)
l − (

1 − Za f
)
(1 − Zab)e

−
(

s
ca

)
l
]
, (2.16a)

 f = [N2(s) − N1(s)](1 + Zab)e
(

s
ca

)
l

+ [N2(s) + N1(s)](1 − Zab)e
−
(

s
ca

)
l − 2N3(s) + 2ZabN4(s). (2.16b)

The coefficient of the general solution of displacement field in liquid is

f h (s) =  f


=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

[
N2(s) − N1(s)

](
1 + Zab

)
e

(
s
ca

)
l + [

N2(s) + N1(s)
](
1 − Zab

)
e
−
(

s
ca

)
l − 2N3(s) + 2ZabN4(s)[

(
1 + Za f

)(
1 + Zab

)
e

(
s
ca

)
l − (

1 − Za f
)(
1 − Zab

)
e
−
(

s
ca

)
l
]

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

.

(2.17a)

Thus, the Laplace transform solution of the photoacoustic signal in the liquid can
be obtained from Eq. (2.13e):

p(s, z) =
⎡

⎢
⎣sz f f

h(s)e−(s/c f )z − s2
ρ f βF(s)
(
σ 2
f − s2

c2f

)e−σ f z

⎤

⎥
⎦. (2.17b)

Let s = iω in the above equation, photoacoustic signal spectrum can be expressed
as,

p(ω, z) = i z f ω f h(ω)e−ik f z + ρ f ω
2 β
(
σ 2
f + k2f

) F(ω)e−σ f (ω)z], k2f = ω2

c2f
.

(2.18a)

where, the acoustic displacement amplitude of liquid particle is:
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f h (ω) =
{ [

N2(ω) − N1(ω)
](
1 + Zab

)
eikal + [

N2(ω) + N1(ω)
](
1 − Zab

)
e−ika l − 2N3(ω) + 2ZabN4(ω)

(
1 + Za f

)(
1 + Zab

)
eikal − (

1 − Za f
)(
1 − Zab

)
e−ika l

}

.

(2.18b)

While

F(ω) =
[
(1 − γ )(1 + χ)eσal − (1 + γ )(1 − χ)e−σal + 2(γ − χ)e−ηl

]

(1 − ξ)(1 − χ)e−σal − (1 + ξ)(1 + χ)eσal
M(ω)I0(ω).

(2.18c)

Here,

M(ω) = η

kTa
(
η2 − σ 2

a

) , σ j (ω) = (1 + i)
√

ω

2α j
= (1 + i)

μ j (ω)
, ( j = a, b, f )

Here, σ j (ω) is he heat wave vector in medium j, and μ j (ω) is its heat diffusion
length. And

N1(ω) = −β
F(ω)σ f(
σ 2
f + k2f

) − Ga

[
A(ω)σa

(σ 2
a + k2a)

− B(ω)σa

(σ 2
a + k2a)

− ηI0(ω)M(ω)
(
η2 + k2a

)

]

,

(2.19a)

N2(ω) = i Za f
k f βF(ω)
(
σ 2
f + k2f

) − ikaGa

[
A(ω)

(σ 2
a + k2a)

+ B(ω)

(σ 2
a + k2a)

− I0(ω)M(ω)
(
η2 + k2a

)

]

,

(2.19b)

N3(ω) = iGbZab
kbD(ω)

(σ 2
b + k2b)

− ikaGa

[
A(ω)

(σ 2
a + k2a)

e−σal + B(ω)

(σ 2
a + k2a)

eσal − I0(ω)M(ω)
(
η2 + k2a

) e−ηl

]

,

(2.19c)

N4(ω) = Gb

[
D(ω)σb

(σ2
b + k2b )

]

− Ga

⎡

⎣ A(ω)σa

(σ2
a + k2a )

e−σal − B(ω)σa

(σ2
a + k2a )

eσal − ηI0(ω)M(ω)
(
η2 + k2a

) e−ηl

⎤

⎦, (2.19d)

A(ω) =
[
(1 − ξ)(γ − χ)e−ηl − (γ + ξ)(1 + χ)eσal

]

(1 − ξ)(1 − χ)e−σal − (1 + ξ)(1 + χ)eσal
M(ω)I0(ω), (2.20a)

B(ω) =
[
(1 + ξ)(γ − χ)e−ηl − (γ + ξ)(1 − χ)e−σal

]

(1 − ξ)(1 − χ)e−σal − (1 + ξ)(1 + χ)eσal
M(ω)I0(ω), (2.20b)

D(ω) =
{[

(1 + γ )(1 + f )eσal − (1 − γ )(1 − ξ)e−σal
]
e−ηl − 2(γ + ξ)

}

(1 − ξ)(1 − χ)e−σal − (1 + ξ)(1 + χ)eσal
M(ω)I0(ω), (2.20c)
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Equation (2.18) is the theoretical solution of PA signal generated by a two-layer
medium (light absorbing medium/semi-infinite non-absorbing substrate) in a semi-
infinite fluid. Equations (2.18)–(2.20) show that the light energy absorbed by the
medium can produce a PA signal consisting of two parts, i.e. acoustic and thermal
wave. It is relevant to the incident light intensity, light absorption coefficient, the
thickness of medium a, thermal diffusion lengths, acoustic impedance of three kinds
of medium, acoustic frequency etc. Through the measurement of PA spectrum, the
mechanical and thermal properties of medium can be nondestructively tested and
evaluated.

2.3 Photoacoustic Signal of PWS

PWS is a congenital abnormal proliferation of capillaries that does not resolve on
its own. The lesion thickens and darkens with age. Clinically, the lesion thickness
(l) will be around 0.1–3 mm. Under 840 nm wavelength, due to the difference of
the capillary network density, the average light absorption coefficients of isolated
lesions are different. The light penetration depth μη at 840 nm of capillaries is about
5–10 mm, according to the data from Table 1

(
μη = 1/η̄

)
.

In the range of frequency from 1 to 10 MHz, the wavelength of sound wave in
water is 1.5–0.15 mm, and the thermal diffusion length μa of skin and vasculature
are around 1.04–0.33 μm and 0.286–0.090 μm when their thermal diffusivity αTa

are about 6.75mm2 s−1 and 0.513mm2 s−1, respectively.
Therefore, for PWS, the light penetration depthμη ismuchhigher than the acoustic

wavelength λac and lesions thickness l, which are higher than the thermal diffusion
length μa . So PWS is a kind of weak light absorption and thermally “thick” sample
for the wavelength 840 nm. That is:

μη � (λac, l) � (
μa, μ f

)
, i.e.η � (

ka, k f
) � (

σa, σ f.
)
. (3.1)

But the low-frequency approximation of kal � 1 is not satisfied. So, using the
formula

e±ikal = cos(kal) ± isin(kal),

Equation (2.18b) can be rewritten as

f h (ω) =  f


=
[
N2(ω) − ZabN1(ω)

]
cos(kal) − i

[
N1(ω) − ZabN2(ω)

]
sin(kal) − N3(ω) + ZabN4(ω)

(
Za f + Zab

)
cos(kal) + i

(
1 + ZabZa f

)
sin(kal)

. (3.2)

Here,

 f = [
N2(ω) − ZabN1(ω)

]
cos(kal) − i

[
N1(ω) − ZabN2(ω)

]
sin(kal) − N3(ω) + ZabN4(ω) (3.2a)
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 = (
Za f + Zab

)
cos(kal) + i

(
1 + ZabZa f

)
sin(kal). (3.2b)

Photoacoustic spectrum generated by light absorption of PWS in the fluid can be
written as

p(ω, z) ≈ iz f ω f h(ω)e−ik f z, k2f = ω2

c2f
. (3.3)

Using Eq. (3.1) and

e−ηl ≈ (1 − ηl), e−σal ≈ 0,

Equations (2.18)–(2.20) can be written as

f = kT f σ f

kTaσa
, b = kTbσb

kTaσa
, σ j (ω) = (1 + i)

√
ω

2α j
= (1 − i)

μ j
, ( j = a, b, f )

Za f = ρ f c f

ρaca
, Zab = ρbcb

ρaca
, Ga = βTa

(3λa + 2μa)

(λa + 2μa)
, Gb = βTb

(3λb + 2μb)

(λb + 2μb)
,

r = η

σa
� 1, M(ω) ≈ − η

kTaσ 2
a

, (3.4a)

A(ω) ≈ (r + f )

(1 + f )
M(ω)I0(ω) ≈ f

(1 + f )
M(ω)I0(ω), (3.4b)

B(ω) ≈ − (r − b)(1 − ηl)

(1 + b)eσal
M(ω)I0(ω) ≈ b(1 − ηl)

(1 + b)eσal
M(ω)I0(ω), (3.4c)

D(ω) ≈ − (1 + r)(1 − ηl)

(1 + b)
M(ω)I0(ω) ≈ − (1 − ηl)

(1 + b)
M(ω)I0(ω), (3.4d)

F(ω) ≈ − (1 − r)

(1 + f )
M(ω)I0(ω) ≈ − 1

(1 + f )
M(ω)I0(ω), (3.4e)

and

N1(ω) ≈ −β
F(ω)

σ f
− Ga

[
A(ω)

σa
− B(ω)

σa
− ηI0(ω)M(ω)

k2a

]

≈ −β
F(ω)

σ f
− Ga

[
A(ω)

σa
− ηI0(ω)M(ω)

k2a

]

≈
[

β

σ f (1 + f )
+ ηGa

k2a

]
I0(ω)M(ω) ≈ ηGa

k2a
I0(ω)M(ω), (3.5a)

N2(ω) ≈ i Za f
k f βF(ω)

σ 2
f

− ikaGa

[
A(ω)

σ 2
a

+ B(ω)

σ 2
a

− I0(ω)M(ω)

k2a

]
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≈ i Za f
k f βF(ω)

σ 2
f

− ikaGa

[
A(ω)

σ 2
a

− I0(ω)M(ω)

k2a

]
� i N1(ω), (3.5b)

N3(ω) ≈ iGbZab
kbD(ω)

σ2
b

− ikaGa

[
A(ω)

σ2
a

e−σal + B(ω)

σ2
a

eσal − I0(ω)M(ω)

k2a
(1 − ηl)

]

≈ iGbZab
kbD(ω)

σ2
b

− ikaGa

[
B(ω)

σ2
a

eσal − I0(ω)M(ω)

k2a
(1 − ηl)

]

� i N4(ω), (3.5c)

N4(ω) ≈ Gb

[
D(ω)

σb

]
− Ga

[
A(ω)

σa
e−σal − B(ω)

σa
eσal − ηI0(ω)M(ω)

k2a
(1 − ηl)

]

≈ Gb

[
D(ω)

σb

]
+ Ga

[
B(ω)

σa
eσal + ηI0(ω)M(ω)

k2a
(1 − ηl)

]
.

≈ (1 − ηl)

[
ηGa

k2a
− Gb

σb(1 + b)

]
I0(ω)M(ω) ≈ η(1 − ηl)Ga

k2a
I0(ω)M(ω).

(3.5d)

So,

 f ≈ [N2(ω) − ZabN1(ω)] cos(kal)

− i[N1(ω) − ZabN2(ω)] sin(kal) − N3(ω) + ZabN4(ω)

≈ −[Zab cos(kal) + i sin(kal)]N1(ω) + ZabN4(ω)

≈ {Zab[1 − ηl − cos(kal)] − i sin(kal)}ηGa

k2a
I0(ω)M(ω)

Using

M(ω) ≈ − η

kTaσ 2
a

, σ 2
a (ω) = − iω

αTa
, αTa = kTa

ρaCTa
,

to substitute into the above equation and get:

 f ≈ η2Ga

iωk2a

1

ρaCTa
{Zab[1 − ηl − cos(kal)] − i sin(kal)}I0(ω). (3.6)

Therefore, the displacement amplitude of the fluid particle is:

f h (ω) =  f


≈ η2Ga

iωk2a

1

ρaCTa

{
Zab[1 − ηl − cos(kal)] − i sin(kal)(

Za f + Zab
)
cos(kal) + i

(
1 + Zab Za f

)
sin(kal)

}

I0(ω). (3.7)

The corresponding normalized PA signal spectrum is:

p̄(ω, z) = iωz f f
h (ω)e

−ik f z/I0(ω)

p̄(ω, z) ≈ Ga
η2z f

k2a

1

ρaCTa

{
Zab[1 − ηl − cos(kal)] − i sin(kal)(

Za f + Zab
)
cos(kal) + i

(
1 + Zab Za f

)
sin(kal)

}

e
−ik f z , k2a = ω2

c2a
. (3.8)
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The results show that the PA signal of PWS is proportional to the light absorption
coefficientη2 and inversely proportional to the frequencyω2, which is associatedwith
the mechanical and thermal properties of lesions. Therefore, PWS can be diagnosed
quantitatively with PA imaging technique.

For most patients with mild lesions, whose thickness satisfies (kal) � 1, so

cos(kal) ≈ 1, sin(kal) ≈ kal � 1, ηl � 1.

Equation (3.7) can be further simplified to:

p̄(ω, z) ≈ −Ga
η2z f

k2a

1

ρaCTa

{
ηlZab + i(kal)(

Za f + Zab
)+ i

(
1 + ZabZa f

)
(kal)

}

e−ik f z,

or

p̄(ω, z) ≈ −Ga
z f za(

z f + zb
)

η2l

ρaCTa

(
η
zb
za

c2a
ω2

+ i
ca
ω

)
e−ik f z . (3.9)

This suggests that the PA signal amplitude is proportional to the lesion thickness
l, increases rapidly with the increase of light absorption coefficient η and reduces
rapidly with the increase of frequency ω. So, it’s very sensitive to the changes of
capillary density in the lesion. Therefore, PA diagnosis technique is a highly sensitive
detection method for PWS.

3 Clinical Pilot Study

3.1 Material & Methods

The US and PA images were acquired by an LED-based PA and US imaging system
(AcousticX, CYBERDYNE, INC., Tsukuba, Japan), which has been introduced in
a previous publication [8]. The LED array has 144 elements, each with a size of
1 mm × 1 mm. The four lines of 36 elements distribute on an area of 6.88 mm
× 50.4 mm, providing 200 μJ pulse energy at 850-nm wavelength. Working with a
pulse repetition rate of 4 kHz, extensive signal averaging can be conducted to enhance
the signal-to-noise ratio (SNR). The LED-produced PA image and US image from a
sample can be acquired simultaneously by this dual-modality system. A 128-element
linear probe working at 9 MHz central frequency was used to acquire the PA and
US images. The light from the LED array illuminated the skin with a power density
of 2.6 kW/m2, which is below the safety limit of 5.98 kW/m2, according to the
international electrotechnical commission (IEC) 6247117 [9].

A coupling water bag (Fig. 3a) is sterilized by alcohol before each imaging pro-
cedure. Figure 3b shows a typical data acquisition scene with a performer (left) and
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Fig. 3 a Photograph of coupling water bag and imaging probe, b clinical imaging scene, and
c patient positioning

a patient (right). During the imaging period, the patient is required to lie flatly on a
testing bed to fully expose the PWS region of interest (ROI), as is shown in Fig. 3c.
For each ROI, we choose one healthy region (HR) with the most similar anatomical
condition to it (we pick the symmetric position of ROI if available) as well for one
additional imaging process to perform offline data processing. Before each imaging
procedure, the performer will mark the ROI, as shown in Fig. 4, with the red arrow,
and the corresponding HR, as indicated by the blue arrow. The arrows’ orientations
indicate the right side of resulting images.

During the imaging process, the performer scans the ROI with the imaging probe,
and then record all the images involved. The result with the most appropriate contrast
will then be picked for data processing. The same procedure is performed for each
matched HR of every ROI.

In every selected image, firstly, an empty area away fromROI is circled out for the
measurement of averaged PA signal amplitude (Epa), which indicates the noise level
of present image that is required for signal calibration. Afterwards, the performer
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Fig. 4 Photograph of a PWS
patient with imaging
assisting marks

observes the results of ROI and matched HR to circle out areas suspended for the
incidence of PWS in the ROI and the symmetric healthy region in matched HR. The
Epa values of ROI and HR are then divided by the noise level, yielding to Vtar and
Vnor. We define a parameter—PWS level by Vtar/Vnor, to quantitatively describe the
status of each ROI. Figure 5 gives the typical comparison of ROI and HR in an adult
patient.

Fig. 5 Typical photoacoustic/ultrasound overlay image of a PWS region (ROI) and b control region
(HR)
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3.2 Results and Discussion

3.2.1 PA Evaluation for Various Age Groups

As a typical capillary disorder, continuous development with age is an important
feature of PWS. Figure 6 shows the photograph of 3 patients, age of 4, 13 and
33 years, respectively. It is clear that the darkness and the diseased skin thickness
both grow with the age of patients.

In this study, a total of 22 patients were included. The clinical evaluation for each
patient given by DC, dermoscopy, and VISIA were collected, as well as the newly
developed PWS level parameter acquired by the PAI system. The typical data set for
one patient is shown in Fig. 7.

Fig. 6 Photograph of patients with various ages

Fig. 7 Typical data set from a patient
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Fig. 8 PWS level
comparison of the 2 groups
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The enrolled 22 patients were divided into two groups, according to their ages, as

3–6 years old and above 6 years old. The PWS level comparison of the two groups
is shown in Fig. 8. The mean PWS levels of 3–6 years group and >6 years group are
1.77 ± 0.63 and 2.73 ± 0.75, respectively.

The significant difference of the two different age groups correspond well with
the given knowledge of PWS disease. Based on this result, the new parameter PWS
level holds good potential in evaluation of PWS. To further demonstrate this point,
study of dynamicmonitoring of PWS before and after PDT treatment was conducted,
which is detailed in next section.

3.2.2 PA Evaluation for PDT Treatment Efficacy

In current clinical practices in China, hematoporphyrin monomethyl ether photody-
namic therapy (HMME-PDT) is proved to be an effective method for treating PWS
[10, 11].

Two out of the 22 patients volunteered this study for dynamic PWS level monitor-
ing, as shown in Figs. 9 and 10. The immediate reduction of PWS level corresponds
to the edema instantly after the PDT treatment. At 3-day point, the PWS level of each
patient shows a recovering status, or even getting worse (Fig. 9), which corresponds
to the damage-repairing period that starts at that time point. The repairing period
often comes with a hyperemia status, which is the reason why the PWS level gets
back here. Nonetheless, after that period, the PWS level goes down steadily, and
eventually gets to the 2-month endpoint.

Five out of the 22 patients volunteered for PWS level monitoring before and 2-
month after PDT treatment, the result ofwhich is shown in Fig. 11.Amean PWS level
reduction of 41.08% ± 11.30% was observed after one PDT treatment. From our
results, it is clear that approximately 3–4 PDT treatments are required to completely
cure the patient.

The dynamic monitoring results show the good correspondence of PWS level to
the actual patient’s status, and the 2-month PWS level monitor shows the efficacy
of PDT treatment. Based on these results, it is clear that the PWS level parameter
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Fig. 9 Dynamic PWS level monitoring #Patient 1

Fig. 10 Dynamic PWS level monitoring #Patient 2
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Fig. 11 2-months PWS
level monitor
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holds good potential to be used as a guiding tool for dose control in the treatment
process of PDT. Additionally, as a quantitative tool, the PWS level of patients can
be collected to serve as the source for big-data analysis as well, which will lead to a
better understanding of this disease, or even other capillary disorders.

Other than mapping the hemoglobin, by combing different wavelengths that have
optical absorption contrast on oxyhemoglobin anddeoxyhemoglobin, thePA imaging
is also capable of mapping the oxygen saturation [12, 13]. By scanning the imaging
probe, it is technically feasible to perform volumetric imaging as well. In addition,
for the practice of dermatology, the proposed protocol, which is already in a clinical-
procedure-equivalent manner, is easily translatable to clinics.

4 Summary and Outlook

PAI has inherent advantages for vascular recognition. Firstly, compared with other
biological macromolecules, hemoglobin has a very high absorption for the near-
infrared light which leads to the high specificity for hemoglobin with PAI using these
wavelengths. Secondly, due to the process of light-in and sound-out, the sensitivity
and resolution of PAI is much higher than that of ultrasonic imaging, which makes it
possible to image capillaries.But, because of the tiny size of the capillaries, traditional
PA theory is no longer applicable for their quantitative diagnosis. Instead, the optical,
thermal, mechanical and acoustic properties of different biological tissues need to
be analyzed in the micro-scale. Meanwhile, the effects of some different parameters,
such as light penetration depth, thermal diffusion length, wavelength of sound wave,
and vascular size, on photoacoustic signals are very important and these are covered
in the theoretical section of this chapter. This theoretical analysis can also be applied
to other similar layered tissue with strong light absorption.

Current clinical results have already demonstrated the safety, functional contrast
and clinic-friendly protocol of this LED-based PAI strategy. This ongoing research
has already shown its great translational potential.Moreover, other than the discussed
application of PWSevaluation, this imaging strategy is also potentially useful to assist
doctors in assessing many other skin diseases, vascular tumor or skin carcinomas
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that come with microvessels malformation or angiotelectasis, like actinic keratosis
(AK), Bowen’s disease (BD), superficial basal cell carcinoma (BCC), squamous
cell carcinoma (SCC) and extramammary Paget’s disease (EMPD). Besides, some
inflammatory skin diseases, like psoriasis, are accompanied with vascular abnormity
as well, which could also be a potential application. Furthermore, the application
could be extended to fundus oculi lesion diagnosis, angiogenesis monitoring, and
so on. We believe that PAI, as an emerging imaging strategy, would promisingly
play a greater role in the early stage evaluation of a lot of diseases located in the
light-accessible depth range.

5 Conclusions

PWS levels acquired using LED-based PAI holds strong potential to be a quantitative
parameter for the evaluation of PWS status. We demonstrated for the first time that
LED-based photoacoustics can be used as a point-of-care tool for clinical evaluation
of PWS disease. Our results also give a direct indication that LED-based PAI is useful
for guiding PDT-treatments.
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