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Abstract. We have developed a real-time (8 to 30 fps) photoacoustic (PA) imaging system with a linear-array
transducer for burn depth assessment. In this system, PA signals originating from blood in the noninjured tissue
layer located under the injured tissue layer are detected and imaged. A compact home-made high-repetition-rate
(500 Hz) 532-nm fiber laser was incorporated as a light source. We used an alternating arrangement for the
fibers and sensor elements in the probe, which improved the signal-to-noise ratio, reducing the required
laser energy power for PA excitation. This arrangement also enabled a hand-held light-weight probe design.
A phantom study showed that thin light absorbers embedded in the tissue-mimicking scattering medium at
depths >3 mm can be imaged with high contrast. The maximum error for depth measurement was 140 um.
Diagnostic experiments were performed for rat burn models, including superficial dermal burn, deep dermal
burn, and deep burn models. Injury depths (zones of stasis) indicated by PA imaging were compared with
those estimated by histological analysis, showing discrepancies <200 xm. The system was also used to monitor
the healing process of a deep dermal burn. The results demonstrate the potential usefulness of the present
system for clinical burn diagnosis. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License.
Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1
.JBO.19.8.086013]
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1 Introduction

For severe burn patients, the depth and area of injury are two
crucial factors determining long-term function and mortality.
In terms of injury depth, burns are classified into epidermal
burn, superficial dermal burn (SDB), deep dermal burn
(DDB), and deep burn (DB). The treatment plan and strategy
differ depending on the injury depth. In cases of DDB, in
which injury reaches the deep dermis, the injury is often exac-
erbated by infection, and antibiotic treatment is important. In
cases of DB (full thickness burn), spontaneous tissue regener-
ation does not occur and skin grafting is required. Thus, differ-
entiation between SDB and DDB and differentiation between
DDB and DB are crucially important in a clinical situation.
Currently, however, diagnosis of burn depths mainly relies on
visual observation, which is often difficult and inaccurate.
Thus, many efforts have been made to develop a valid system
for clinical burn diagnosis. Various systems, including a laser
Doppler blood flow imager,' polarization-sensitive optical
coherence tomography,” and a video microscope,® have been
developed and tested, but their measurement depths are limited
to ~1 mm or less, which is not sufficient for human skin diag-
nosis, or the measurement is not quantitative in principle.
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Photoacoustic (PA) burn diagnosis was first reported by Sato
et al.* In this method, PA signals originating from blood in the
noninjured tissue layer, which is located under the injured tissue
layer with blood occlusion (zone of stasis), are detected. Since
hyperemia occurs just under the zone of stasis, we can obtain
high-contrast PA signals indicating the depth of injury.
Experiments using rat burn models showed the validity of
this method. In those experiments, however, the measurement
depth was limited to ~2 mm and a single-element transducer
was used, with which real-time imaging was not possible. In
this study, we developed a real-time PA imaging system with
a measurement depth >3 mm as a prototype for clinical burn
diagnosis.

We intended to make a movable whole-in-one type system
with a handheld probe that resembles conventional ultrasound
imaging probes for ease of handling by clinicians. Various
types of PA imaging systems have been developed and exam-
ined for burn depth assessment, including an acoustic-resolution
PA microscopy system® and a system based on a 128-element
linear sensor array.® To the authors’ knowledge, however, a
movable whole-in-one PA burn diagnostic system with a hand-
held probe has not yet been reported. In this paper, the design
and structure of the system and the results of experiments using
originally made skin tissue phantoms and rat burn models are
described. The system was also used to monitor the healing
process of a burn in a rat, providing some new insights.
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2 Materials and Methods

2.1 System Specifications

A block signal diagram of the PA imaging system for burn depth
assessment is shown in Fig. 1(a). The repetition rate and size of
the light source for PA excitation determine imaging speed and
total size of the system, respectively. We decided to incorporate
an originally developed high-repetition-rate (500 Hz) 532-nm
fiber laser (pulse width, 20 ns)’ into the system. For the
probe design, we examined various configurations of optical
fibers and sensor elements to maximize the PA signal-to-
noise ratio and to reduce the size and weight for handheld
use. For a linear array sensor, optical fibers for PA excitation
are often placed on one side or both sides of the sensor
array, but we chose an alternating arrangement for fibers and
sensor elements as shown in Fig. 1(b); eight Pb(Zr,Ti)O® ele-
ments (center frequency, 10 MHz) and nine optical fibers are
alternately arranged for a measurement length of ~10 mm.
With this configuration, the PA signal-to-noise ratio was consid-
erably improved due to the spatial matching of the sensing zone
and photon distribution in tissue. This design also enabled
reduction of the required total laser energy as well as the
size (40 mm" x 20t030 mm"Y x 170 mm") and weight
(170 g) of the probe [Fig. 1(c)]. In addition, a compact fiber
laser (350 mm" x 400 mm¥ x 60 mm') was adapted to the
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Fig. 1 Photoacoustic (PA) imaging system for burn diagnosis.
(a) Block signal diagram. (b) Arrangement of optical fibers and sensor
elements in the imaging head (probe). Photographs of the imaging
head (c) and the whole system (d).
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system. The laser output is coupled to a fiber bundle and divided
into nine optical fibers as described above. The total delivered
laser pulse energy is 300 uJ and the light intensity at the imaging
head bottom surface, which is placed on the skin, is
140 mW /cm?. This is lower than the ANSI safety limit of
200 mW /cm?. Detected PA signals are digitized at 250 mega-
samples per second on a custom-designed board and sent to a
large-scale field-programmable gate array, which performs dig-
ital signal processing and a phased-array process. The data are
sent to a PC through a USB interface, enabling real-time two-
dimensional (2-D) PA imaging with a maximum frame rate of
30 fps. All of the PA images described in this paper were con-
structed by using a constant sound velocity of 1530 m/s. A pho-
tograph of the whole-in-one system is shown in Fig. 1(d).

2.2 Phantom Study

To evaluate imaging characteristics of the present system, phan-
toms mimicking skin tissue were made. To imitate the layered
structure of the skin, the phantoms are sheet-type and stackable.
The method of fabrication and characteristics of the phantoms
are described in Ref. 8. Briefly, the host material was an acrylic
block soft copolymer, in which titanium oxide nanoparticles
were mixed as light scatterers. Water-soluble red ink (BCI-
326M, Canon, Tokyo, Japan) was used as a light absorber.
To mimic the vasculature, a line mesh pattern with the ink
was printed on the polymer sheet by an ink-jet printer (see sche-
matics on the left of Fig. 2). Optical properties of the phantoms
were measured by the standard method using an integrated
sphere and a spectrometer, and the scattering and absorption
coefficients were adjusted to be 2.4 and 0.022 mm~!, respec-
tively; the relative density was 1.08.'° The thickness of each
sheet-type phantom was designed to be 0.7 mm; the fabrication
error of each sheet thickness was 30 to 40 ym.

2.3 Burn Depth Assessment

All animal experiments were carried out in accordance with the
Guide for Laboratory Animal Facilities and Care Regulation of
the National Defense Medical College, Saitama, Japan. To val-
idate the usefulness of the present PA imaging system for burn
depth assessment, we performed experiments using rat burn
models. With a Walker-Mason template,'! an SDB, DDB, or
DB of ~20% of the total body surface area was induced in
the rat dorsal skin. With the system, PA imaging was performed
on the wounds at 48 h postburn, and then tissues at the meas-
urement sites were biopsied and sectioned. The sections were
then fixed and stained with hematoxylin and eosin (H&E).
The PA images were compared with the results of histological
analysis. The number of rats that underwent 2-D PA imaging
was six for each model including the control.

Three-dimensional (3-D) imaging was also performed for the
burn-nonburn interface region in the rat with a DB, for which an
imaging head was scanned over the wound and the adjacent skin
for a length of 32 mm with a step size of 0.2 mm. One hundred
and sixty 2-D images were converted to a 3-D image by using
volume visualization software (VolView 3.4, Kitware Inc.,
Clifton Park, New York).

2.4 Monitoring of the Burn Healing Process

Using the same system as that described above, PA imaging was
performed for DDBs in rats at one, three, and five days postburn.
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Fig. 2 Results of depth measurement of each absorption layer by using digital micrometer calipers and
PA imaging for two types of skin-mimicking phantoms: three-layered model (a) and six-layered model,
including two layers without an absorption pattern (b). Caliper-measured depths of absorption layers are
shown on the right of the schematics of phantoms. Range of depths at which a PA signal arises for each
absorption layer is shown on the right of each PA image.

These time points were chosen on the basis of the results of our
previous study using a single-element PA sensor, which showed
angiogenesis in the wound within five days postburn by histo-
logical analysis, while PA signals originating from neovascular-
ities were not clearly detected due to limited resolution.'? In this
study, the tissue was biopsied after each PA imaging and a
sample with H&E staining was made. The PA images were
compared with the results of histological analysis. The number
of rats that underwent PA imaging for monitoring the healing
process was four at each time point; two of them underwent
biopsy.

3 Results and Discussion

3.1  Phantom Study

Figure 2 shows the results of depth measurement of each absorp-
tion layer by using digital micrometer calipers (MDQ-30,
Mitsutoyo, Kanagawa, Japan) and PA imaging for two types
of phantoms: a simple three-layered model and a six-layered
model, in which mesh patterns were not printed on the second
and fifth layers. For the three-layered model, the depths at which
signals arose for the first (depth measured by calipers, 0.70 mm),
second (1.48 mm), and third (2.29 mm) absorption layers were
0.62 to 0.68 mm (maximum error for the depth measured by
calipers, 80 ym), 1.45 to 1.60 mm (120 gm), and 2.25 to
2.40 (110 um), respectively. For the six-layered model, the
depths at which signals arose for the first (depth measured
by calipers, 0.67 mm), second (2.08 mm), third (2.88 mm),
and fourth (4.36 mm) absorption layers were 0.65 to
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0.70 mm (maximum error for the depth measured by calipers,
30 pm), 2.05 to 2.15 mm (70 pm), 2.85 to 2.90 mm (30 ym),
and 4.40 to 4.50 mm (140 pm), respectively. Thus, the maxi-
mum imaging depth error for the phantoms was 140 pm,
although this value may be affected by the compression with
a sensor for soft material and biological tissue. Since the deepest
absorption layer at ~4 mm can be visualized with high contrast,
the results show the capability of visualizing vasculatures in full-
thickness human skin tissue with the present imaging system.

3.2 Burn Depth Assessment

Figure 3 shows histological images and the corresponding
PA images of the normal skin [Figs. 3(al)-3(a3)], SDB
[Figs. 3(b1)-3(b3)], DDB [Figs. 3(c1)-3(c3)], and DB
[Figs. 3(d1)-3(d3)]. Figures 3(a3)-3(d3) are magnified versions
of the regions indicated by white line 1 mm squares in
Figs. 3(a2)-3(d2). The thicknesses of the normal skin were
~1.0 mm or less, but it should be noted that burned skin became
thicker due to edema and collagen deterioration; skin thick-
nesses of the skin with an SDB, DDB, and DB were ~1.2,
~1.6, and ~1.7 mm, respectively.

In the histological image of the normal skin, blood vessels
just under the epidermis can be clearly seen [Fig. 3(a3)]. In the
shallowest region of the corresponding PA image [Fig. 3(al)],
two different signals, the surface signal due to contamination
and/or pigmentation and the signal originating from blood ves-
sels just under the epidermis, are overlapped and the signal layer
is, therefore, broadened. In the histological image of the SDB,
the epidermis and superficial part of the skin appendages are
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Fig. 3 Histological images with hematoxylin and eosin (H&E) staining and the corresponding PA images
of the normal skin [(a1) to (a3)], superficial dermal burn [(b1) to (b3)], deep dermal burn [(c1) to (c3)], and
deep burn (DB) [(d1) to (d3)]. (a3) to (d3) are magnified versions of the regions indicated by white line
1 mm squares in (a2) to (d2). White line rectangles in PA images [(a1) to (d1)] correspond to the regions
shown in (a3) to (d3). Arrows in (a3), (b3), (c3), and (d2) indicate viable blood vessels.
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Table 1 Depths of damaged tissues (zones of stasis) estimated by
histological analysis and by photoacoustic (PA) imaging.

Superficial ~ Deep Deep
Control dermal dermal burn
(mm)  burn (mm) burn (mm) (mm)

Histological analysis
Skin thickness ~1.0 ~1.2 ~1.6 ~1.7

(depth from epidermis
to subcutaneous tissue

Depth of damaged 0 0to0 0.2 0.3 to 0.6 to
tissue 0.6 0.9

Estimation by PA imaging

Depth of vascular 0 0 0.4 to 0.8 to
occlusion 0.6 1.0

injured, where blood vessels indicated by arrows seem to be via-
ble but with infiltration of a few neutrophils [Figs. 3(b2) and
3(b3)]. In the corresponding PA image [Fig. 3(b1)], the surface
signal and the signal originating from blood vessels under the
epidermis are also overlapped, but the signal is much stronger,
which is attributable to hyperemia. In the histological image of
DDB, the epidermis and upper two thirds of the dermis are dam-
aged, where blood vessels are not observed clearly, while blood
vessels with erythrocytes remain at depths of ~1 mm [Figs. 3(c2)
and 3(c3)]. In the corresponding PA image [Fig. 3(c1)], the shal-
lowest signal layer is thin due to the occlusion of blood vessels
just under the epidermis, and a zone of stasis as deep as ~0.8 mm
can be clearly seen. In the histological image of DB, collagen
fibers in a large part of the dermis are fused and no blood vessels
are seen at depths up to ~1.0 mm; there are some dilated blood
vessels at depths of ~1.2 mm [Figs. 3(d2) and 3(d3)]. The zone of
stasis as deep as ~1.0 mm is shown in the corresponding PA
image [Fig. 3(d1)]. The depths of damaged tissues (zones of sta-
sis) estimated by histological analysis and those estimated by PA
imaging are summarized in Table 1. Discrepancies between the

>
Nonburn

@
Deep Burn

R
Deep Burn

results of histological analysis and those obtained by PA imaging
were in the range of 100 to 200 um. Due to the artifact in the
preparation of tissue samples for histological analysis, it is diffi-
cult to evaluate measurement errors in an in vivo study. In addi-
tion, change in the sound velocity of coagulated tissue may affect
the results of PA imaging. Thus, further study is needed to accu-
rately estimate errors in in vivo diagnosis of burn depth by the PA
imaging. On the basis of the errors shown by the phantom study,
however, the present system seems to have a potential to be used
for clinical burn diagnosis.

Figure 4 shows results of 3-D PA imaging of the burn (DB)-
nonburn interface region. A drastic change in the zone of stasis
is shown at the boundary. The first (shallowest) signal layer
clearly seen in the nonburn tissue has completely disappeared
in the burned tissue, indicating the formation of a zone of stasis
as also shown by the 2-D image for the same model [Fig. 3(d1)].
Under the zone of stasis, a thick high-amplitude signal layer is
seen, while the signal layer seen in the same depth region in the
nonburn tissue is sparse and its amplitude is lower. The thick
high-amplitude signal layer in the burn is attributable to potent
dilatation of vessels in this region [Fig. 3(d2)]. Cloudy distribu-
tion of PA signals, which is thought to originate from vessels in
the subcutaneous tissue, is commonly observed in the nonburn
and burned tissue. However, the depth of the cloudy signal layer
in the burn is slightly larger than that in the nonburn tissue, prob-
ably due to thickening of the skin because of collagen alteration
and edema. Clinical burn diagnosis would not require such a 3-
D image, but if needed, it can be easily obtained as demon-
strated here.

3.3 Monitoring of the Burn Healing Process

Figure 5 shows PA images [Figs. 5(al)-5(a3)] and the corre-
sponding histological images with low and high magnifications
[Figs. 5(b1)-5(b3)] of a DDB in the rats at one, three, and five
days postburn. In the histological images, we observed unex-
pectedly early angiogenesis and it occurred at unexpectedly
shallow depths in the dermis. In the histological images at
day 1 [Fig. 5(b1)], there is a developing or juvenile blood vessel
(yellow arrowheads). Correspondingly, we observed weak PA
signals in the same depth region of the dermis in the PA
image at one day postburn [white arrowhead in Fig. 5(al)].

Nonburn

Fig. 4 Photograph (a) and three-dimensional PA image (b) of the DB-nonburn interface region in the rat

dorsal skin.
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Fig. 5 PA images [(a1) to (a3)] and histological images with H&E staining [(b1) to (b3)] at one day, three
days, and five days postburn. In (a1) to (a3), white arrowheads indicate PA signals that are thought to
have originated from developing or juvenile blood vessels. In (b1) to (b3), magnified histological images
(x400) of the regions indicated by yellow line rectangles are also shown. In the images with lower mag-
nification (x100), black arrows indicate blood vessels; many of them are potently dilated at one and three
days postburn. In the images with higher magnification, yellow arrowheads indicate developing or juve-

nile blood vessels.

The number of juvenile blood vessels increased with the elapse
of time [Figs. 5(b2) and 5(b3)]. Correspondingly, the number of
sites showing PA signals in the same depth regions increased
[white arrowheads in Figs. 5(b2) and 5(b3)]; their amplitudes
seem to have also increased, indicating a time-dependent
increase in reperfusion due to wound healing. Change in the
PA signals in the deep region of the dermis is also interesting.
In the PA image at one day postburn [Fig. 5(al)], a layer of
strong signal is seen at a depth of ~0.5 mm, which is attributable
to many dilated blood vessels in the corresponding histological
image [black arrows in Fig. 5(b1)]. There are still some potently
dilated vessels at day 3 [Fig. 5(b2)], but dilation is reduced at
day 5 [Fig. 5(b3)]. The amplitude of the corresponding PA
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signals decreased with the elapse of time [Figs. 5(a2) and
5(a3)], also indicating a time-dependent wound healing process
in burns. These findings suggest that the present PA imaging
system is useful not only for assessing burn depths, but also
for monitoring the wound healing process in burns.

4 Conclusion

In conclusion, we have developed a real-time PA imaging sys-
tem for burn depth assessment. The phantom study showed the
capability of imaging blood vessels in deep tissue (>4 mm).
The in vivo study using rat burn models showed that differences
in the depths of damaged tissue (zone of stasis) estimated by
histological analysis and those indicated by PA imaging were
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within 200 gm. The usefulness of the system for monitoring the
burn healing process was also shown. On the basis of the results
obtained in this study, we plan to conduct clinical studies on
burn diagnosis in the near future.
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