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9 We have imaged for the first time to our knowledge human skin in vivo with a raster-scan optoacoustic mesoscopy
10 system based on a spherically focused transducer with a central frequency of 102.8 MHz and large bandwidth
11 (relative bandwidth 105%). Using tissue phantoms we have studied the ability of the system to image vessels
12 of sizes within the anatomically significant range from the key anatomical vasculature sites. The reconstructed
13 images from experiments in vivo show several structures from the capillary loops at the dermal papillae, the
14 horizontal plexus, and the difference between the dermis and the epidermis layers. © 2014 Optical Society of

America
15 OCIS codes: (110.0110) Imaging systems; (170.5120) Photoacoustic imaging; (170.1610) Clinical applications.
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17 Histopathological analysis of biopsied skin is an invasive,
18 slow, and expensive medical process in dermatology, but
19 necessary for accurately diagnosing skin diseases [1].
20 State-of-the-art skin optical-imaging techniques like der-
21 moscopy or linear and nonlinear microscopy methods
22 are proposed as an alternative to reduce the number
23 of biopsies [2–6], but they are intrinsically limited by light
24 scattering, which limits the imaging depth to a few
25 hundred microns. Optical coherence tomography (OCT)
26 may penetrate deeper than dermoscopy or confocal im-
27 aging to depths of ∼1 mm. However, the skin depth
28 ranges from 1.5 to 4 mm depending on the anatomical
29 site [7] and imaging at such depths is necessary in differ-
30 ent pathologies.
31 Optoacoustic mesoscopy, based on high-frequency
32 acoustic resolution, may be an interesting alternative
33 for skin imaging. Optoacoustic mesoscopy refers to opto-
34 acoustic imaging that goes beyond the depth of optical
35 microscopy, reaching several millimeters deep in tissue
36 [8]. Compared to confocal imaging or OCT it also offers
37 alternative contrast mechanisms by resolving the absorp-
38 tion of light by tissue [9,10].
39 Cross-sectional optoacoustic imaging of the skin has
40 been already demonstrated using a linear array of trans-
41 ducers operating at 24 MHz [11]. The depth of skin lesions
42 and burns was resolved with 97 μm lateral resolution and
43 22 μm axial resolution. Skin vasculature [12,13] has also
44 been resolved using interferometry [14] or piezoelec-
45 tric-focused detectors [15,16] operating at central
46 frequencies of up to 50MHz. The highest lateral resolution
47 achieved so far was ∼40 μm, whereas the axial resolution
48 reached ∼15 μm. At this resolution, only the larger skin
49 vessels (25–100 μm) are visible, i.e., vessels situated rela-
50 tively deep in the dermis [17]. Smaller vessels (7–25 μm)
51 situated close to the epidermal-dermal junction [18] blur
52 the images and typically have to be removed for rendering
53 purposes [19]. Most mesoscopy implementations show
54 vascular images as maximum intensity projections along
55 the axial direction (coronal views) of the entire skin, a
56 view that is not favorable to assess lesion depth. Skin im-
57 aging with a high-frequency unfocused LiNbOb3 detector

58has been also considered for skin imaging, yielding lateral
59resolution of 200 μm [20].
60An ultrawideband (20–200 MHz) system, implemented
61in transillumination, recently achieved ∼30 μm lateral
62and 7 μm an axial resolution [21]. In this work we applied
63an epi-illumination version of this technology [22] to skin
64visualization and interrogated whether operation at a
65broader bandwidth could differentiate skin layers in axial
66and coronal skin views. In particular, we investigated if
67features not visible in the 25–50 MHz are better resolved
68when collecting broader frequency content. Imaging was
69based on a custom-made 102.8 MHz central frequency
70spherically focused transducer constructed out of
71LiNbOb3 to yield ultrawideband measurements ranging
72from a few millihertz to ∼200 MHz. The active element
73of the transducer had a diameter of 1.5 mm and an
74f-number of ∼1 (numerical aperture ∼0.5). The frequency
75response of the transducer is shown in Fig. 1 Detected
76optoacoustic signals were preamplified by a low-noise
77amplifier (63 dB, AU-1291, Mited Inc., Haupppauge,
78New York, USA) and collected by a high-speed digitizer
79(CS122G1, Gage, Lockport, Illinois, USA,; 12-bit resolu-
80tion; max sampling rate, 2GS/S). The detector was raster

F1:1Fig. 1. Frequency spectrum of the transducer.
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81 scanned in proximity to the skin, as shown in Figs. 2(a)
82 and 3, with its focal point placed ∼100 μm above the sur-
83 face of the imaged region. Three-dimensional image
84 reconstruction was then based on a back-projection algo-
85 rithm [21]. Skin epi-illumination was achieved using three
86 fiber bundles arranged around the transducer to generate
87 an illumination pattern of ∼1 mm in diameter, confocal
88 with the focal point of the transducer [22]. To perform
89 the raster scan fast motorized piezostages were used
90 (M683.2U4, Physik Instrumente GmbH & Co. KG, Karls-
91 ruhe, Germany). The illumination light was generated by
92 a 532 nm laser, with a pulse repetition rate of 1 kHz. The
93 energy per pulse was below 1 mJ over ∼1 cm2, fulfilling
94 the safety standards for human use. The temporal width
95 of the pulse was of 0.9 ns. The pulse duration is critical
96 for imaging small structures, since the stress confine-
97 ment condition must be fulfilled [20]. We have previously
98 shown that the illumination parameters employed herein
99 can lead to axial resolutions of 4 μm [21].

100 The system performance was first examined with two
101 phantoms. Phantom 1 assessed the frequency profile
102 detected from small structures resembling small skin
103 capillaries placed near the epidermal-dermal junction.
104 Phantom 1, shown in Fig. 2(a), consisted of a surgical su-
105 ture 10 μm in diameter, placed at different depths within
106 pork tissue. Figure 2(b) shows the frequency response
107 detected from the suture placed at different depths.
108 The figure shows that there is significant signal contained
109 at frequencies that are larger than 100 MHz, which indi-
110 rectly indicates that systems in the 25–50 MHz range may
111 miss such fine information. As expected, the high-
112 frequency signal reduces as the suture is moved deeper,
113 due to the frequency-dependent attenuation of sound
114 waves in tissue. For depths of 300 μm, corresponding
115 to the location of the epidermal-dermal junction in thick
116 skin, frequencies above 100 MHz are still measured. In-
117 terestingly, even for depths of 800 μm, significant contri-
118 butions above 50 MHz can be measured.
119 Phantom 2 was built to assess the ability of the trans-
120 ducer to capture lower-frequency signals corresponding
121 to larger skin vessels. It consisted of a surgical suture
122 100 μm in diameter under the tissue surface. The exact

123placement depth of the suture in this case would impose
124less of an issue, due to reduced acoustic attenuation of
125the lower ultrasound frequencies generated; therefore a
126single depth at 120 μm was studied. Figure 2(c) depicts
127the frequency response of the 100-μm-diameter suture.
128As expected, significantly lower frequency content is ex-
129hibited in this case. The ultrabandwidth collection ability
130of the transducer recorded signals of few millihertz to
131tens of millihertz. This finding illustrates that the technol-
132ogy employed herein is appropriate for detecting a large
133variation of feature sets in the skin.
134To elucidate the performance of ultrawideband opto-
135acoustic mesoscopy on skin, we imaged a 5 mm × 5 mm
136region in the palm of a healthy male volunteer. A specific
137interface was built to acoustically couple the transducer
138to the skin. It consisted of a cubic glass enclosure with a
1392 cm × 2 cm opening in its bottom, which was sealed
140with an optically and acoustically transparent film. The
141enclosure was placed in direct contact with the skin
142for data acquisition. The enclosure was filled with water
143to enable sound coupling to the detector, as shown in
144Fig. 3. The step size of the raster scan was 10 μm along
145the x and y direction (Fig. 4). The voxel size in the recon-
146structed 3D volume was set to 10 μm × 10 μm × 2.5 μm.
147Prior to reconstruction, the acquired data was filtered us-
148ing a 1–200 MHz bandpass filter. Figure 4 depicts an axial
149slice of the reconstructed image. The epidermis layer can
150be clearly distinguished; its width is ∼200 μm, which is in
151accordance with previously published values for the
152thickness of the epidermis in the palm hand [13]. Below
153the epidermis junction begins the area in which the capil-
154lary loops are situated. Although the numerical aperture
155of the detector is high, vessels whose direction is not
156perpendicular enough to the axial axis of the transducer
157do not appear in the reconstructed image, due to the
158strong directivity of the optoacoustic signals [23]. There-
159fore, only a part of the capillary loops appear in the
160reconstructions. The vessels situated deeper in the hori-
161zontal plexus appear clearly in the reconstruction.
162Figure 5 shows three maximum-intensity projections
163(MIP) parallel to the skin surface, taken at different
164depths. The top MIP corresponds to the epidermal-
165dermal junction. The bright dots are in agreement with
166the top part of the capillaries. The stripes correspond

F2:1 Fig. 2. (a) Scheme of the acquisition setup for phantom 1 and
F2:2 2. (b) Frequency content of the signal measured from a 10 μm
F2:3 suture inserted at 3 different depths in tissue (phantom 1) mea-
F2:4 sured with the 102.8 MHz transducer. (c) Frequency content of
F2:5 the incoming signal from a 100 μm suture measured with the
F2:6 102.8 MHz transducer.F2:74/C

F3:1Fig. 3. Schematic of the acquisition setup for the hand experi-
F3:2ment. The focal point of the transducer is placed slightly above
F3:3the surface of the skin. The glass container filled with water
F3:4allows to acoustically couple the skin with the transducer. F3:54/C
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167 to the shape of dermal papillae, which in the palm of the
168 hand follows the same shape of the outer epidermal
169 ridges [24]. The image of the middle MIP is in agreement
170 with the smaller vessels of the horizontal plexus situated
171 closer to the epidermal-dermal junction and the connec-
172 tions between capillary loops. The bigger vessels located
173 below in the horizontal plexus appear clearly in the
174 lower MIP.

175Most of the skin vasculature is organized in a horizon-
176tal plexus, situated at 1–2 mm below the skin, at the pap-
177illary dermis zone. From the horizontal plexus arterial
178capillaries ascend up to the epidermal-dermal junction
179to form the dermal capillary loops that provide nutrients
180to the dermal papillae [17]. The diameters of the vessels
181that form the capillary loops range from 7 to 11 μm. The
182system employed herein could clearly visualize the epi-
183dermal-dermal junction, situated at depths around
18480 μm for thin skin and 300 μm for thick skin [18]. In
185the horizontal plexus, most of the vessel diameters are
186in the range of 17–26 μm. In the mid- and deep-dermis
187vessels are larger, up to a maximum of 100 μm in diam-
188eter [17]. The 100 MHz raster-scan system employed
189herein was shown capable of highly scalable skin imag-
190ing. Scalability herein implies that the system could de-
191tect the incoming high-frequency signal from the ∼10 μm
192vessels situated close to the epidermal-dermal junction
193and the lower-frequency ultrasound signals generated
194by the larger vessels situated in the lower part of the hori-
195zontal plexus. An interesting feature shown herein is that
196cross-sectional views nicely reveal features as a function
197of depth (Fig. 4). In addition, layer-specific MIPs revealed
198structural patterns of the skin at different layers under
199the skin at depths beyond 1 mm. The illumination herein
200was at 532 nm. Illumination in the visible maximizes la-
201bel-free imaging of the skin but limits the penetration
202depth achieved due to the strong light attenuation in tis-
203sues. Further work will consist of characterizing the per-
204formance of this approach in the near infrared, to achieve
205deeper penetration. Future steps consist of integrating
206the system shown in Fig. 3 into a portable format for
207use in clinics. For this purpose, a redesign is required
208to enable handheld operation, which is not possible
209now due to the large size of the motorized stages.
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Queries

1. AU: Text unclear here; please clarify.

2. AU: Palm hand correct here?

3. AU: Please provide publisher name for ref. [1].

4. AU: Please provide first page for ref. [20].
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