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 26 

Imaging plays a critical role in the diagnosis and assessment of dermatological conditions. However, 27 

optical or optoacoustic microscopy techniques are limited to visualizing superficial skin features owing 28 

to strong photon scattering, whereas ultrasound methods, which can probe deeper seated tissue, lack the 29 

contrast to image pathophysiological mechanisms in detail. Here, we demonstrate that raster scan 30 

optoacoustic mesoscopy (RSOM) implemented in ultra-wideband (10–180 MHz) detection mode bridges 31 

the depth capabilities of ultrasound and the resolution range and high contrast of optical methods in 32 

clinical dermatology. By using tomographic reconstruction and frequency equalization to represent low 33 

and high spatial-frequency components, we visualize skin morphology and vascular patterns in the 34 

dermis and sub-dermis of psoriasis patients, enabling quantification of inflammatory and other 35 

biomarkers of psoriasis without the need for contrast agents. Implemented in a handheld device, we 36 

showcase how label-free RSOM biomarkers correlate with clinical score and the potential to assess a 37 

larger spectrum of skin diseases in research and the clinic. 38 
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 50 

Psoriasis is a chronic inflammatory skin disease with adverse effects on quality of life and the socio-51 

economical system1,2. Current progress in understanding disease pathogenesis reveals that immune 52 

dysregulation of T helper 17 cells results in a hyper-proliferative and metabolically activated epidermis3, 53 

manifested as red patches with silver scales. The disease phenotype exhibits increased mitotic rate of 54 

keratinocytes, thickening of the stratum spinosum (acanthosis) and strong inflammatory cellular infiltrate 55 

consisting of T cells, macrophages and dendritic cells1. Moreover, the dermal areas of psoriatic skin are 56 

marked with increased vascularization and an increase of tortuous capillaries in the upper dermis1,4  57 

Nevertheless, many aspects of the psoriasis pathogenesis remain poorly understood. Moreover, lack of 58 

biomarkers and objective methods to phenotype the heterogeneous presentation of psoriasis challenges 59 

prediction of a therapeutic strategy outcome for individual patients 3.  60 

 61 

The psoriatic skin is clinically assessed with the Psoriasis Area Severity Index (PASI)5, calculated by scoring 62 

the appearance of lesion redness, plaque thickness, scaling and percentage of the body affected. PASI is 63 

nevertheless subjective and does not assess subsurface features, such as general morphology, vasculature or 64 

angiogenesis6,7, even though the release of growth factors (Vascular Endothelial Growth Factor, Epidermal 65 

Growth Factors,  Transforming Growth Factor Beta) and changes in vascular architecture are identified as a 66 

major hallmark of psoriatic inflammation and typically associated with disease progression8,4.  67 

 68 

Confocal or two-photon microscopy have been considered for skin visualization but only assess depths of a 69 

few hundred microns, not appropriate for the thickened psoriatic epidermis9,10. Optical Coherence 70 

Tomography (OCT) may provide skin morphology images 1-2 mm deep in skin at ~1300 nm 11,12, but imaging 71 

of vascular networks observed with flow-sensitive techniques in the visible 13,14 is limited to depths of ~400 72 

µm15. Moreover, inherent image artifacts in the axial direction have not been yet addressed and compromise 73 



the OCT ability to obtain cross sectional images. Alternatively, high-frequency ultrasound penetrates several 74 

millimeters in skin tissue. However, images have strong speckle effects and do not visualize sub-100µm 75 

diameter vessels, unless contrast agents (microbubbles) are employed16, imposing limitations for routine 76 

longitudinal application in humans. Moreover, ultrasonic contrast has reduced sensitivity to 77 

pathophysiological changes and the study of inflammation or angiogenesis17. Therefore, studies of subsurface 78 

skin patho-physiology and longitudinal observations are limited by the in-vivo imaging tools available today9,8. 79 

 80 

We present a different perspective in skin imaging by developing portable ultra-broadband (10-180MHz) 81 

raster scan optoacoustic mesoscopy (UB-RSOM) and investigate the relation of the imaging features offered in 82 

psoriasis and other dermatology applications to pathophysiological metrics of disease. Conventional 83 

ultrasound and optoacoustic imaging utilize frequencies over a narrow band (e.g. 5-20MHz), which defines 84 

the resolution-range and overall image quality achieved. Conversely, UB-RSOM implements ultra-short 85 

photon pulses (<2ns) that excite an ultra-broad ultrasound frequency spectrum. Central to achieving high-86 

performance UB imaging is the use of focused Lithium niobate crystal (LiNbO3) detection of optoacoustic 87 

signals at high-numerical aperture (NA>600) yielding detection bandwidths of 10-180Mhz. We investigated 88 

features offered by UB-RSOM in skin and skin disease and developed Frequency Band Equalization (FBE) to 89 

effectively utilize the broad frequency content. We demonstrate the visualization of pathophysiological skin 90 

features in vivo in label-free mode, which has not been achieved by other imaging modalities. We discover 91 

how tomographic reconstruction of absorption contrast can quantify critical dermatology sub-surface features 92 

associated with dermal angiogenesis and skin inflammation, without using contrast agents and the highest 93 

resolution to depth ratio reported in label-free mode. We further devise an UB-RSOM index of skin conditions 94 

aiming to offer a quantitative metric of disease severity in the context of precision medicine requirements, and 95 

compare it to clinical score. We discuss how the method can advance  the study and quantification of 96 

dermatological conditions and response to treatment.  97 



 98 

RESULTS 99 

Qualitative evaluation of the optoacoustic mesoscopy skin imaging performance 100 

 Developed for portable skin imaging, (see Fig. 1a-c and methods), UB-RSOM respected the 101 

American National Standard for Safe Use of Lasers (ANSI) safety limits for human use (see methods). 102 

Handheld operation was achieved by designing a compact scan head (see methods) that employed fixed 103 

illumination to overcome image artifacts arising from spatially-dependent optical-fluence variations common 104 

to raster scan implementations that move in tandem both the sound detector and the illuminator 18.  105 

Detected signals were reconstructed and were separated in two frequency bands, typically 10-60MHz 106 

(Fig.1d) and 60-180MHz (Fig.1e); or alternatively 10-42 MHz and 42-120MHz bands( see methods and 107 

Suppl. Fig. 1). A low-frequency band image (rendered in red color) and a high-frequency band image 108 

(rendered in green color) were correspondingly reconstructed, frequency equalized (see methods) and co-109 

registered (Fig.1d-f). This operation allows rendering of fine spatial details together with lower resolution skin 110 

structures, the latter typically of higher intensity. Images from healthy volunteers were collected from areas 111 

spanning 8x2mm2 (80 sec. scan time) to 8x8mm2 (320 sec. scan time).  112 

Cross-sectional skin images (Fig.1f revealed the epidermis, dermis, capillary loops and the horizontal 113 

plexus of the dermis (see Suppl Note. 1 for skin-layer representation). Images herein reached ~ 1.5mm depth 114 

at the 532nm shown and ~5 mm in the near-infrared. Coronal plots of the 3D volume images depicts the 115 

superficial skin ridges in the epidermis layer (Fig. 1g), top view of the capillary loops in green (Fig. 1h) and 116 

dermal vasculature in the vascular plexus (Fig. 1i).  117 

The superiority of ultra-broadband detection is shown by contrasting UB-RSOM images to images 118 

obtained by conventional optoacoustic imaging at a few tens of MHz band (see Suppl Note.2 ). Even 119 

compared to a wide 10-40 MHz range, the UB-RSOM resolution increases by >8x (Suppl. Fig.2). 120 



Consequently, Fig. 1f-i achieves non-invasive imaging of dermal vasculature, skin layers and capillary loops 121 

at detail and resolution to depth ratio that has not been achieved by other modalities. The combination of ultra-122 

broadband and frequency equalization bring therefore never before documented ability in skin imaging.   123 

UB-RSOM of psoriasis and histological validation 124 

A next step was to investigate whether UB-RSOM could resolve and quantify features of psoriasis. 4mm x 125 

2mm affected skin areas from six (n=6) psoriasis patients (see methods) were imaged (Fig.2a), revealing 126 

marked changes compared to healthy skin (Fig.2b). The scan time was 70 seconds. Elongated and dilated 127 

capillary loops, visualized by Frequency Band Equalization (FBE; Eq.2) in green, could be clearly seen  128 

climbing through rete ridges to virtually the skin surface. The layered arrangement observed in the healthy 129 

skin disappears in psoriasis and prominent skin acanthosis could be measured by observing the distance from 130 

the skin surface to the horizontal vascular plexus. Dermal vessel diameter increased over healthy skin and 131 

shows a denser appearance, which is also seen in three-dimensional skin visualizations shown in Suppl. video 132 

1 and Suppl. video 2, for healthy and psoriatic skin respectively. Coronal images visualizing the top part of 133 

the capillary loops (Fig.2c) were markedly different to UB-RSOM images of healthy skin (Fig.2d). 134 

Histological H&E analysis of biopsied specimen were contrasted to the corresponding UB-RSOM cross-135 

sections for psoriatic and healthy skin (Fig.2e,f) and confirmed the epidermal thickening, capillary elongation 136 

and increased dermal vascularization visualized by label-free UB-RSOM in-vivo. Quantitative comparison 137 

(see methods) of the mean epidermal thickness seen in UB-RSOM and histology observed a good match for 138 

healthy epidermis thickness (~ 138μm) and psoriatic epidermis (~203 μm) (Fig. 2g,h). Excellent match was 139 

found between the diameter of individual vessels in the deep dermis (n=9), characterized by CD31 staining 140 

and corresponding vessels seen by UB-RSOM image (Fig.2i,j,k).   141 

 142 

   143 
 144 
 145 
  146 



Calculation of UB-RSOM vascular and epidermal features in psoriatic patients and their clinical 147 

relevance.  148 

Cross sectional images from different patients revealed marked differences in disease manifestation 149 

(Fig.3a,b). A next goal of the study was therefore to quantify pathophysiological features of psoriasis 150 

appearing in the study group. UB-RSOM cross sectional images and 3D reconstructions were examined for 151 

morphological skin alterations, capillary loop elongation, acanthosis, and changes in dermal vasculature. We 152 

computed the (1) total blood volume in the dermis, (2) the fractal number of the vascular structure, (3) the 153 

thickness of the epidermis, (4) the density of the capillary loops and (5) the mean diameter of the capillary 154 

loops (see methods). These measurements were interrogated as label-free biomarkers corresponding to 155 

clinically related indications, explained in the following.  156 

 157 

The total blood volume (TBV) relates to the “flush” of the inflammatory phenotype. TBV values were 158 

computed as the number of voxels in the dermis that corresponded to the inner lumen of blood vessels, based 159 

on image segmentation (see methods). Each psoriatic lesion exhibited a higher TBV values compared to the 160 

adjacent healthy skin. The mean TBV values for psoriatic and healthy skin were 0.11±0.02 mm3 and 161 

0.071±0.02 mm3 respectively (Fig. 3c). A paired t-test and a Wilcoxon signed ranked test showed significant 162 

differences between the total blood volume in healthy skin vs. adjacent psoriatic areas (p<0.01 and p<0.05 163 

respectively). For comparing areas of different sizes, we defined the blood volume per skin surface (mm) 164 

metric, i.e. TBV/Area, where “Area” was defined as the total area scanned by UB-RSOM.  165 

 166 

The fractal number of the vascular structures was computed as a second label-free landmark of chronic 167 

inflammation and measures vascular spatial complexity associated with vascular changes and aberrant 168 

angiogenesis. The higher the fractal number the higher the spatial complexity19. The psoriatic skin exhibited a 169 

higher mean fractal number of 1.58± 0.06 (a.u) over 1.49±0.09 (a.u) for healthy skin (Fig. 3c).  A higher 170 



fractal number over healthy skin was also calculated on a per lesion basis (Fig. 3c). A paired t-test and a 171 

Wilcoxon signed ranked test showed significant differences between the fractal number of healthy skin vs 172 

adjacent psoriatic areas (p<0.01 and p<0.05 respectively). 173 

A third inflammatory landmark related to the psoriasis-associated thickness of the epidermis, which 174 

also exhibited marked differences between psoriatic and healthy skin (Fig. 3c). The mean value for psoriatic 175 

and healthy skins were  371±102 μm and 108 ± 27 μm respectively; although lesion thickness in individual 176 

patients exhibited marked differences (see Fig. 2h). The mean thickness difference (acanthosis) between 177 

psoriatic and healthy skin was 263±122 μm (Fig. 3c). A paired t-test and a Wilcoxon signed ranked test 178 

showed significant differences between the thickness of the epidermis in healthy skin and adjacent psoriatic 179 

areas (p<0.01 and p<0.05 respectively). 180 

 181 

We further analyzed the appearance and density of capillary loops, indicative of chronic inflammation 182 

and skin reconstruction. Capillary loops of the psoriatic skin were clearly detected in the 15-120MHz window 183 

exhibiting a mean diameter value of 33±4μm (Fig.3d). The mean density of capillary loops in the psoriatic 184 

plaques was 21±6 capillaries per mm2. Characteristically, the capillary loops in healthy skin are smaller in 185 

diameter and are not visible in the 15-120MHz window but only when >120 MHz frequencies are employed 186 

(Fig.1f,h). This finding serves as an example on how spatial frequency patterns can be employed to 187 

differentiate conditions and disease.  188 

 189 

Finally we interrogated the clinical relevance of the UB-RSOM features by suggesting a new index of 190 

optoacoustic features (OPIND), which could quantitatively summarize psoriasis features and severity. The 191 

OPIND exhibited strong correlation with the PASI index (see Fig. 3e, and “Calculation of the Optoacoustic 192 

index  (OPIND)“ in methods). 193 

 194 



 195 

DISCUSSION 196 

In addition to measuring genomic and environmental variability, precision medicine requires methods 197 

that sense and quantify individual disease conditions and responses from patients. Effective clinical 198 

application necessitates label-free, non-invasive approaches for capturing patho-physiological phenotypes. 199 

Such methods allow longitudinal dissection of biology without perturbing the disease measured. The 200 

combination of ex-vivo analytics with in-vivo measurements could lead to improved disease prevention, early 201 

diagnosis and treatment.   202 

 203 

UB-RSOM offers an approach to quantifying skin morphology and inflammatory landmarks not available to 204 

other dermatology modalities today, due to ultra-short illumination, ultra-broadband LiNBO3 detection and 205 

tomographic reconstruction using high-numerical aperture data collection. UB-RSOM-resolved light 206 

absorption contrast allowing a direct and high sensitive detection of vascular structures (hemoglobin) and 207 

melanin structures imparting a alternative pathophysiology picture.  As shown in Suppl Note. 2, the broad 208 

bandwidth is essential in achieving the imaging performance shown. Optoacoustic imaging of the skin has 209 

been previously considered with limited bandwidth13,20, which as shown in Suppl Fig. 2 yields >100 μm 210 

resolution, performance not appropriate for retrieving the fine features visualized herein21,22-25. UB detection 211 

enabled herein an axial resolution of 4.5 µm and a lateral resolution of 18.4 µm which generally remains 212 

approximately constant through the whole dermis (1.5 mm deep) and  slightly degrades in deeper layers, 213 

reaching ~23µm lateral resolution seen in fat-layer capillaries situated 2.5 mm deep (see Suppl Note 4 for 214 

details). Repeated measurements of the same area were performed and showed that no significant changes are 215 

produced in the skin vascular structure by illumination-induced tissue heating.  216 

In addition to the imaging performance shown, a critical finding was the identification of skin features 217 

enabling not only morphological inspection but also the interrogation of inflammatory and angiogenic 218 



features, not resolved by current dermatology imaging techniques.Vascularization of the dermis is suspected to 219 

play a key role in psoriasis development4,8 but has so far remained invisible in-vivo. . Likewise a larger number 220 

of disease biomarkers (epidermis thickness, blood volume density and diameter of capillary loops) were 221 

summarized into the OPIND to serve as a quantitative measure of disease severity. Pilot comparison between 222 

OPIND and PASI revealed good correlation, even though some changes between the two indices are expected 223 

since OPIND resolves three-dimensional features whereby PASI only observes the surface appearance of 224 

disease.  We expect that the concept of OPIND, possibly after refinement, can offer a quantitative and 225 

objective report of inflammatory skin disease, improving upon the subjective nature of the PASI (or other 226 

indices such as the SCORAD). The mean difference in fractal number between healthy and psoriatic skin was 227 

only 6%, indicating small changes in the pattern complexity of inflamed vessels compared to blood volume or 228 

epidermal thickness changes. Measurements of eczema patients also captured changes in acanthosis, capillary 229 

loops density and diameter, and vascular volume (Suppl Fig.3 a,b,c),  enabling the possibility of objective 230 

clinical evaluation of eczema severity or allergy testing over the “Prick Test”, the latter suffering from inter-231 

observer variations 26. 232 

In addition to a small, handheld form factor, portable UB-RSOM was shown insensitive to motion and capable 233 

of offering high-resolution images of the skin in-vivo in ~minute acquisition times. Therefore even in a 234 

prototype format, UB-RSOM achieved scanning features appropriate for seamless integration in the 235 

dermatology suite. We expect that the depth and UB-RSOM imaging features provided can lead to improved 236 

readings of disease and treatment offering clinical value in dermatology examination. FBE was employed 237 

herein to better visualize image features, in particular patterns associated with the high-frequency 238 

components collected. We employed a different color for low vs. high frequency component 239 

representation aimed at better rendering the contrast coming from the high-frequency part of the 240 

ultra-bandwidth information. This representation allows for a quick appreciation of the information 241 



contained at high frequencies and ensures that high-frequency contrast is not masked by low 242 

frequency components, typically having stronger intensity. Future steps will include research in 243 

alternative image processing and representation schemes and further analyze the implication of FBE 244 

and alternative methods on image contrast enhancement. FBE has a potential application in quantifying 245 

vasoconstriction and vasodilation. Regarding psoriasis management, a larger clinical study will allow 246 

refinement of the OPIND index and validation of its use as an accurate quantitative and user-independent 247 

metric of psoriasis severity.  UB-RSOM can be more broadly applied to the study and clinical evaluation of 248 

inflammatory skin diseases, hair imaging, nevi and skin cancers or cardiovascular disease (see Suppl Note.3). 249 

These measurements could be combined in the future with measurements of dermal infiltration by 250 

inflammatory cells, achieved using optoacoustic contrast agents or through hybrid operation with confocal 251 

microscopy. 252 

A key next development is the addition of spectral measurements into a portable UB-RSOM system. 253 

Operation at multiple wavelengths is currently limited by unavailability of portable ultra-fast pulsed lasers, 254 

achieving pulse widths of 1-3 nanoseconds at sufficient energy. Spectral RSOM imaging has been recently 255 

shown possible in healthy skin but at lower resolution and speed compared to the performance achieved 256 

herein27, due to employing slow >10-nanosecond width optical parametric oscillator lasers, which are 257 

moreover bulky and very expensive for clinical use in dermatology. Progress in ultrafast laser technology is 258 

essential for adding spectral capacity to UB-RSOM and enhance skin interrogation by allowing measurements 259 

of oxygenation and separation from melanin contributions.  260 

 261 

Overall, the quantitative assessment of psoriatic and inflammatory biomarkers heralds new possibilities in the 262 

understanding of processes involved at the onset and progression of disease as well as in the longitudinal 263 



monitoring of treatment options. UB-RSOM has therefore the potential to enable quantitative and objective 264 

measurements of inflammatory landmarks. 265 

 266 

METHODS 267 

 268 

Handheld UB-RSOM system  269 

The UB-RSOM system developed is based on a custom-made spherically focused LiNbO3 transducer 270 

constructed to yield broadband measurements ranging from 10 MHz to 180 MHz (Fig.1a). Typically, 271 

measurements were performed in the 10-180MHz or 10-120MHz band. The 10-180 MHz band is important 272 

for resolving sub-15Micron features; such as the capillary loops in the healthy skin (Suppl Note. 2). The 273 

active element of the transducer has a diameter of 3 mm and a focal distance of 3 mm, leading to an f-number 274 

of 1. The detected optoacoustic signals are pre-amplified by a low noise amplifier (63 dB, AU-1291, Mited 275 

Inc.). The transducer is scanned perpendicular to its axial axis conforming a rectangular grid parallel to the 276 

skin surface,  keeping the focal point slightly above the skin surface.  277 

In the scanning head, the transducer is attached to two motorized stages (sized: 35 mm x 35 mm x 15 278 

mm Physik Instrumente GmbH & Co. KG, Karlsruhe, Germany). Illumination was delivered by a customized 279 

fiber bundle (CeramOptec Industries, East Longmeadow, USA) that ends in two arms (Suppl Fig. 1a). At the 280 

bundle ends individual fibers are arranged in a 6.5 mm x 2 mm rectangle (Fig.1a) and illuminate a total 281 

surface of  ~8x8 mm. Inside the illuminated surface a virtually homogeneous rectangular illumination pattern 282 

of 8 mm x 5 mm is achieved. The bundles are fixed to an ergonomic casing made of Acrylonitrile Butadiene 283 

Styrene build by 3D printing. The illumination light is generated by a 532 nm laser (Bright Solutions, Cura 284 

Carpignano, Italy). The temporal width of the pulse is of 0.9 ns and its maximum energy goes up to 1 mJ per 285 

pulse. The repetition rate can be selected from single shot up to 2 kHz. An articulated arm helps the user to fix 286 

the casing to the imaged area, minimizing motion artifacts in the reconstructed images (Figure 1b and Figure 287 



1c). An interchangeable interface unit (IU) shielded with an optically and acoustically transparent plastic 288 

membrane is placed below the casing. The interface unit is filled with 1.5 ml of water and enables the acoustic 289 

coupling between the skin and the transducer detection surface. Once the unit is filled, the system is easily 290 

placed on top of the desired skin area (Suppl  Fig.1a). All psoriasis images were generated using optoacoustic 291 

signals collected over  4 x 2mm, (266 x 135 scan points)  taking a total time of 70 s. The entire patient 292 

handling process, including placement of the scanning head on the tissue surface  lasted less than 2-3 min. A 293 

resolution and sensitivity characterization of the portable UB-RSOM system developed is discussed in the 294 

Supplementary Note 4.  295 

 296 

Safety limits 297 

According to the American National Standard for Safe Use of Lasers (ANSI, Z136.1-2014) when 298 

illuminating a region with light at 532 nm and the exposure time is more than 10 seconds the mean irradiance 299 

should not exceed 2000 W/m2. The measured energy per pulse and per area delivered to the sample was of 300 

3.75 µJ/mm2, which imposes a maximum repetition rate of 533 Hz. In order to ensure safety we used a 301 

repetition rate of 500 Hz. Within this energy range, the increase of temperature in tissue is of the order of 302 

milliKelvin. Control measurements (not shown) demonstrated that there were no alterations in image 303 

appearance due to repeated scanning sessions, confirming that there is an absence of UB-RSOM-induced 304 

temperature effects on skin physiology.  305 

 306 

 307 

 308 

Image reconstruction,  frequency band equalization and rendering 309 

Data were collected in raster scan acquisition assuming an x-y plane parallel to the skin surface. At 310 

each position several amplitude mode lines (“A lines”) are obtained in the depth direction, i.e. z direction.  311 



The acquired signals are divided in two frequency bands25,24:  low frequency region (10MHz to 42 MHz) and a 312 

high frequency region (40 MHz to 120MHz) for the 10-120MHz implementation. 10-60Mhz and 60-180Mhz 313 

bands were alternatively used in the 10-180 MHz implementation (see Methods, Handheld UB-RSOM system 314 

for the utility of the different implementations).  Signals in the two different bands were independently 315 

reconstructed, a process necessary to reduce noise especially in relation to reconstructing high frequency data.  316 

Reconstructions were based on a beam forming algorithm 28, which generated three-dimensional images. The 317 

beam-forming algorithm has been accelerated by parallelized computing on a GPU, and improved  by  318 

incorporating the spatial sensitivity field of the detector as a weighting factor into the algorithm29 .The voxel 319 

size of the reconstruction grid was chosen to be 10 µm x 10 µm x 3 µm.  320 

 321 

The two resulting images  ݔ௟௢௪ and ݔ௛௜௚௛ correspond to the low and high frequency components of 322 

the signal, respectively (Fig. 1d,e). A weighting factor ߙ is introduced for modulating the intensity of the high-323 

frequency band image : 324 

௛௜௚௛௣ݔ 325  =  ௛௜௚௛                                                                            1) 326ݔߙ

 327 

Where	ݔ௛௜௚௛௣  is the new high frequency band image. A composite image (ݔோீ஻) is then constructed by fusing 328 ݔ௟௢௪ into the red channel of an RGB image and ݔ௛௜௚௛௣  into the green channel of the same RGB image (Fig. 1f-329 

i).  Then contrast between the red and green channel is maximized by solving the following minimization 330 

problem. 331 

 332 

minఈฮݔ௟௢௪ − ௛௜௚௛ฮଶݔߙ 	                                                                   2) 333 

 334 



Representing ߙ vs ฮݔ௟௢௪ −  ௛௜௚௛ฮଶ leads to a function with a clear parabolic shape whose minimum 335ݔߙ

can be calculated simply by brute force minimum search (see Suppl Note. 1). 336 

UB-RSOM images can then be rendered by taking the Maximum Intensity Projection (MIPs) of the 337 

reconstructed images along the direction shown. In cross-sectional images the entire volume was rendered. In 338 

coronal views, the MIP is shown from the reconstructed image within the limits of the layer shown along the z 339 

direction (depth).  340 

 341 

Patient selection, skin biopsies, data grouping and general statistics 342 

Thirteen psoriasis patients were imaged following approvals from the Ethics Committee of the Klinik 343 

und Poliklinik für Dermatologie und Allergologie am Biederstein, Munich Germany. 6 mm skin punch 344 

biopsies from skin lesions and clinically non-involved skin were taken of all patients. Before obtaining 345 

biopsies, patients gave their written informed consent. Consent for publishing skin photos was also obtained 346 

(Fig. 2,c and d). Biopsies were evaluated by an experienced pathologist to confirm the clinical diagnosis. 347 

CD31 immunostaining was also performed to evaluate vessels footprints.  348 

The patients were split into two groups. Group A consisted of six patients of 52-years mean age. The 349 

data obtained from group A was used to evaluate UB-RSOM performance as shown in Fig.2 and find psoriasis 350 

biomarkers as shown in Fig.3. In order to assess the significance of the statistical differences for the metrics 351 

used to compare healthy and adjacent psoriatic skin, we performed both a paired t-test and a Wilcoxon signed 352 

rank test. Performing both tests ensures that the samples follow the required statistical distributions. For every 353 

metric the variance between the healthy values and psoriatic values were of the same order in is explicitly 354 

shown. The selection of the healthy and psoriatic skin areas to be imaged was made by professional 355 

dermatologists independently from the authors that processed the data.   356 

 Group A was also used to calculate the coefficients of the OPIND model as described in “Methods, 357 

Calculation of the  optoacoustic index”.- Group B consisted of  eight psoriasis patients of 46 mean age  and 358 



was used to validate the OPIND performance as described  in    “Methods, Calculation of the  optoacoustic 359 

index”.  360 

Two of the thirteen patients were excluded from the study since the moved during acquisition leading 361 

to reconstructions with strong artifacts 362 

 363 

Quantitative comparison between RSOM images and histological sections 364 

In order to validate the UB-RSOM fidelity with a gold standard, we compared the images obtained 365 

from healthy skin and psoriatic skin of a patient with the counterpart histology samples. Values of epidermis 366 

thickness were determined based on assigning 6 equidistant points on the skin surface in both the histology 367 

and the UB-RSOM images and taking the average distance seen in the 6 measurements. We further measured 368 

the diameter of 9 vessels in the psoriatic skin, identified by both UB-RSOM and CD31. The vessels were 369 

selected randomly 370 

 371 

Calculation of vascular and epidermal features from psoriatic patients.  372 

In order to quantify the skin features related to psoriasis manifestation we define the following gray 373 

scale image:  374 

௚௥௔௬ݔ		                                                               = ௟௢௪ݔ	 + ௛௜௚௛௣ݔ                                                  3) 375 

 376 

The regions of the skin containing the features to be quantified are typically segmented from the image  ݔோீ஻ 377 

leveraging on the additional contrast given by the FBE (see “Frequency band equalization algorithm”). Then, 378 

the features are quantified in the equivalent regions of  ݔ௚௥௔௬. 379 

To calculate the total blood volume, fractal number and epidermis thickness, the distribution of the epidermis 380 

surface is firstly obtained using an in house developed automatic segmentation algorithm. The images are then 381 

transformed, obtaining a synthetic representation of the skin in which the epidermis surface is flat, namely 382 



௚௥௔௬௧ݔ  and	ݔோீ஻௧ . In  ݔோீ஻௧  the epidermis can be distinguished from the dermis (see Fig. 2a and 2b) due to the 383 

FBE. Both regions can be manually segmented by defining a plane parallel to the skin surface that splits the 384 

image in two cubes. The upper cube contains the epidermis and the lower cube contain the dermis (typically a 385 

volume of 4mm x 2mm x 2mm was selected, although the dermis depth varied by patient). The height of the 386 

upper cube is taken as the epidermis thickness, and defines the maximum distance from the epidermis surface 387 

to the horizontal vascular plexus. 388 

 389 

The image of the dermal microvasculature (ݔ௚௥௔௬௧,௕ ) is obtained by applying a binary mask to the dermis region 390 

of the image ݔ௚௥௔௬௧ , which sets to 1 the voxels whose value is above a threshold defined as 25% of the 391 

maximum voxel value and 0 the rest. The Total Blood Volume is then calculated as ܸܶܤ = ܰ ∗ ܸ݀ where ܰ is 392 

the number of nonzero voxels and ܸ݀  is the voxel volume.  The fractal number is obtained from applying the 393 

box counting method30 to ݔ௚௥௔௬௧,௕ .  394 

 395 

The diameter and density of the elongated and dilated capillary loops were calculated only for the 396 

psoriatic skin. The calculation was performed by using a coronal view MIP of the epidermis regions of the 397 

image ݔ௛௜௚௛௣ , (from now on ݔ௛௜௚௛௣ெூ௉) since it displays a map of the capillary loops (see Fig. 2c). Firstly, the 398 

number of loops (݈݊ݏ݌݋݋) are located by finding the number of connected components of pixels with a 399 

constant intensity value t, whose external boundary pixels all have a value less than t, obtaining immediately 400 

the density of the capillary loops as well. After applying a 10% threshold to	ݔ௛௜௚௛௣ெூ௉, the mean area (MA) of the 401 

capillary loops tip is calculated using the expression ܣܯ =  where ܰ is the number of nonzero 402 ݏ݌݋݋݈݊/ܸ݀ܰ

voxels and ܸ݀  is the voxel volume. The diameter of the loops is then obtained assuming that the area is a disc.  403 

 404 

Calculation of the Optoacoustic index  (OPIND) 405 



To further investigate the clinical relevance of UB-OPAM-resolved features we considered a severity 406 

index, i.e .  407 

 408 		OPIND = ܽଵ + ܽଶivasc + ܽଷcdens + ܽସacanth	+ܽହstrucc 
 409 

where ivasc is the normalized increased vasculature (difference between the total blood volume in psoriatic 410 

healthy skin and adjacent healthy skin), cdens is the normalized capillary density, acanth is the normalized 411 

acanthosis (difference between the skin thickness in psoriatic and adjacent healthy skin) and strcucc is the 412 

normalized structural change i.e the difference between the fractal number of psoriatic skin and adjacent 413 

healthy skin. Using data group A we observed a strong correlation between the PASI component “erythema” 414 

and the ivasc  , (corr=0.86 ). We also observed that the  acanth values matched the PASI “indurance” value, as 415 

estimated by a licensed dermatologist. However, low correlation was observed between other PASI 416 

components and OPIND components. For this reason, we assigned ܽଷ = ܽହ = 0.   417 

 418 

Using the data from Group A as a training set, we calculated the values ܽଵ, ܽଶ, ܽସ by perfoming linear 419 

regression to the following expression: 420 PASI = ܽଵ + ܽଶivasc + ܽସacanth	, 421 

where the PASI index was calculated by summing the “Erythema” and the “Indurance” values. We obtained 422 	ܽଶ = 2.29 with standard error se = 0.81 and p<0.05  ܽସ = 1.81  with  se = 0.3  and p<0.01 and  ܽଵ = 0 with 423 

p<0.001. For pilot validation of the generality of the OPIND index calculated based on the computed  424 ܽଵ, ܽଶ, ܽସ, we calculated the OPIND values for the patients included in group B, as shown in Figure 3e and we 425 

calculated the percentage of variance of the PASI index explained by the OPIND index.  426 
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 563 
Figure 1 Skin imaging with portable UB-RSOM imaging system, using color coding of frequency bands:  a) Schematic of the operation of UB-564 
RSOM. The transducer is raster-scanned parallel to the skin surface, acquiring signals (A-lines) generated owing to illumination by two fixed fiber 565 
bundles. The focal point of the transducer is kept above the skin surface. b) Photograph of the scanning head and the articulated arm. c)  Photograph 566 
of the scanning head in position ready for data acquisition. d-e) Collected optoacoustic signals are filtered in two frequency bands and reconstructed 567 
into two images shown in red and green, representing low and high spatial frequencies respectively. f) UB-RSOM image of healthy skin, generated by 568 
a novel frequency band equalization algorithm (FBE: Eq.2), which combines low and high spatial frequencies in a single color-coded image.  Different 569 
biological structures appear in red or green depending on their spatial frequency content. The epidermis (EP) appears mostly in green, and can be 570 
clearly resolved from the dermis (DR). In the dermal vasculature, the capillary loops (CL) can be distinguished from the epidermis and from the 571 
vascular plexus in the deep dermis (VP). The bigger vessels appear mainly in red, whereas the smaller vessels appear mainly in green. g-i) Maximum 572 
Intensity Projections (MIP) in the coronal direction of the epidermis (g) showing the indents of the skin, f the  capillary loop layer (h) and dermis (i) 573 
Scale bars: 500 μm 574 
 575 



Figure 2 UB-RSOM of healthy skin vs. adjacent psoriatic skin and validation with histology. a) The UB-RSOM cross-sectional image 576 
corresponding to psoriatic skin shows the top part of elongated capillary loops (arrow) that climbed almost to the skin surface through elongated rete 577 
ridges. Due to FBE processing, the capillaries appear in green and are shown interleaved with widened epidermis structures (EP) due to acanthosis, 578 
the latter appearing in red with poor contrast due to loss of pigmentation. Below the epidermis, a dilated and dense vascular structure of the dermis 579 
(DR) is resolved (in red).  Capillary loops are observed in green and separated from the epidermis (red) and the dilated dermal vasculature (red). 580 
Scale bars 200 μm.  b) The corresponding UB-RSOM cross section of adjacent healthy skin shows a layered epidermis structure (EP) the vessels in 581 
the dermis (DR) are clearly resolved. Scale bars 200 μm. c)  Photographs of the top of the psoriatic skin region (left) encompassing an area (dotted 582 
box) from which the coronal UB-RSOM slice of the epidermis region was taken (right). The top of the capillary loops appear clearly as green dots. 583 
Scale bars 300 μm. d)  Photographic pictures of the top of the healthy skin region (left). In the corresponding UB-RSOM coronal view, the superficial 584 
skin indents are visible. Scale bars, 300 μm. e) Histology image (left) corresponding to the psoriatic skin and equivalent UB-RSOM cross-section 585 
(right). The histology shows the acanthosis, the elongated capillary loops through the rete ridge and the increased vascularization of the dermis. The 586 
area inscribed in the doted rectangle and labelled with letter “j” was used for CD31 immunostaining (shown in fig 2j). A profile of a capillary is 587 
represented in fig 2k, the profile corresponds to the vertical red line labelled with letter “k”. Scale bars 200 μm.  f) Histology image (left) corresponding 588 
to healthy skin and the equivalent UB-RSOM cross section. Scale bars 200 μm. g) Epidermis thickness of healthy skin measured from the UB-RSOM 589 
images and histology images respectively.  h)  Epidermis thickness of healthy skin and psoriatic skin measured from the UB-RSOM images and 590 
histology images respectively. i)  Vessel diameters in psoriatic skin measured from the UB-RSOM images and CD31 immunostaining images 591 
respectively. j) CD31 immunostaining of the dotted section shown on Fig. 2e e, from which the diameter of a vessel in the dermis well below the 592 
capillary loops was measured. k) Profile in the axial direction of a vessel parallel to the psoriatic skin surface situated in the dermis well below the 593 
capillary loops. The cross-section shown is indicated on Fig.2e by a red line. Error bars in g–i, standard deviation. 594 
 595 
Figure 3 Clinical relevance of UB-RSOM measurements. a-b) Cross sectional UB-RSOM images corresponding to two different psoriatic patients 596 
(A6 and A1). The epidermis (EP) thickness is significantly different for both patients. The vascular structure in the dermis (DR), show dilated and 597 
tortuous vessels. Scale bars 200 μm. c) Top: measurements of the total blood volume, fractal number and epidermis thickness for psoriatic and 598 
adjacent healthy skin (patients A1 to A6). For each of the metrics there is statistical significance between healthy and the psoriatic skin. Error bars, 599 
standard deviation. Bottom: Box-and-whisker plots of the differences between measurements for psoriatic skin and healthy skin. The difference in 600 
total blood volume refers to increased vasculature, the difference in fractal number to structural changes, and the difference in epidermis thickness to 601 
acanthosis. The orange and grey parts correspond, respectively, to data values ranging from the median to the third quartile and from the median to 602 
the first quartile. d) Representation of the vascular features corresponding to the capillary loops measured from the UB-RSOM images corresponding 603 
to the capillary loops density and their mean diameter. Error bars, standard deviation. e) OPIND index vs PASI index for the validation data set and 604 
the test data set. The OPIND index calculated for the data group B using the coefficients obtained from data group A explains 96 % of the variance of 605 
the corresponding PASI index. The red segment corresponds to the line that would correspond to the ideal case in which the OPIND index would 606 
exactly correspond to the PASI index. 607 
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