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Abstract 

In recent years, several non-invasive imaging methods have been introduced to facilitate diagnostics 

and therapy monitoring in dermatology. The microscopic imaging methods are restricted in their 

penetration depth, while the mesoscopic methods probe deeper but provide only morphological, not 
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functional, information. “Raster-scan optoacoustic mesoscopy” (RSOM), an emerging new imaging 

technique, combines deep penetration with contrast based on light absorption, which provides 

morphological, molecular, and functional information. Here we compare the capabilities and 

limitations of currently available dermatological imaging methods and highlight the principles and 

unique abilities of RSOM. We illustrate the clinical potential of RSOM, in particular for non-invasive, 

high-resolution diagnosis and monitoring of inflammatory and oncological skin diseases.  

 

 

INTRODUCTION 

There is a wide range of dermatologic diseases that cannot be diagnosed or evaluated sufficiently by 

visual inspection alone. Histopathologic assessment of skin biopsies remains, therefore, a very 

important tool and diagnostic gold standard in dermatology. This is not only time-consuming and 

uncomfortable for the patient, but it also carries the risk of prolonged bleeding, wound infection and 

scar formation.
1
 Therefore, high-resolution, non-invasive skin imaging techniques hold potential to 

make dermatological diagnostics more convenient, faster, and potentially cheaper.
2
 Further, because 

non-invasive techniques do not alter the examined tissue, the same area can be repeatedly assessed 

over time. This allows for better disease monitoring and more accurate evaluation of therapeutic 

outcomes.
34

 Several high-resolution, non-invasive imaging methods have been introduced to 

dermatology in recent decades (Table 1). These modalities may be classified into microscopic or 

mesoscopic according to how deeply in the skin they can resolve clinically relevant features. 

Microscopic methods can be used to penetration depths shallower than 0.5-1 mm, while mesoscopic 

methods can penetrate deeper, as far down as 10 mm.
5
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 Microscopy methods 

Confocal microscopy (RCM) is increasingly being used in routine clinical dermatology.
2,6

 In RCM, 

the skin is scanned by a focused laser beam and backscattered photons are detected. A pinhole is used 

to reject photons that arrive from out-of-focus areas.
2,7

 RCM can provide sub-cellular resolution close 

to that of conventional histology (axial resolution, 3-5 μm; lateral resolution, 0.5-1 μm). Typically, 

however, imaging is restricted to depths of a few hundred micrometers (200-250 μm), corresponding 

to the papillary dermis, owing to diminishing confocal signal with increasing depth, primarily because 

of light scattering.
7,6,8

 RCM can provide valuable information in the assessment of melanocytic skin 

tumors. Adding RCM to dermatoscopy when diagnosing suspicious melanocytic lesions can reduce 

the “number needed to treat” and thereby reduce unnecessary excisions.
9,10,2

  

 

Multiphoton microscopy (MP) constitutes another promising microscopic modality, although it is not 

yet part of routine dermatological diagnostics. MP utilizes multiphoton excitation to generate 

fluorescence from tissue fluorophores (mostly NADH/NADPH, melanin, keratin, and elastin) as well 

as harmonic signals, e.g. second-harmonic signals from non-centrosymmetric biomolecules, primarily 

collagen.
1,11–14

 MP achieves a lateral resolution of around 0.3 µm and an axial resolution of about 1 

µm. When imaging skin, MP is limited to a penetration depth of 200 µm.
1
 MP shows potential for 

early diagnosis of melanoma because it can identify conventional histology features associated with 

malignancy, such as disordered tissue and cell architecture and occurrence of pleomorphic or 

dendritic cells in the upper epidermis. In addition, MP can detect suspected disease hallmarks 

invisible to light microscopy, such as poorly delineated keratinocytes. One study found MP to be 

highly sensitive and specific at differentiating benign and malignant melanocytic lesions.
15,16

 The 

ability of MP to visualize and measure collagen content in skin
17

 may facilitate assessment of skin 

aging 
18

 and scleroderma.
19
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Both RCM and MP are suitable only for thin and superficial lesions because light is strongly scattered 

as it passes through tissue. Structures situated in or extending deeper than the papillary dermis, such 

as many nodular melanomas, or which present distinct hyperkeratosis, often found in acral lentiginous 

melanomas and non-melanoma skin cancers, cannot be assessed comprehensively.
20–22

 Moreover, they 

offer small fields-of-view of only 0.5 x 0.5 mm
2
 approximately

1
 and therefore often cannot image 

entire lesions at once. This can complicate the evaluation of structural architecture, which is often a 

crucial diagnostic criterion, for example in melanocytic lesions 
1
. Stitching together smaller images 

into a larger one can overcome this limitation, but it is far more time-consuming than single-image 

acquisition.
6
  

 

Mesoscopy methods 

Mesoscopic imaging modalities compensate for light scattering, providing deeper penetration. They 

also typically provide larger fields of view up to several mm
2
. These methods detect contrast based 

either on energy reflection or energy absorption. Reflection-based imaging tends to provide primarily 

morphological information, while absorption-based imaging resolves the distributions of specific 

biomolecules and can even indicate concentrations in some cases.
24

 The two most important 

mesoscopic imaging techniques, optical coherence tomography (OCT) and high-frequency 

ultrasonography (HFUS)
25

, are reflection-based: OCT detects reflected light, while HFUS detects 

reflected sound.
24

 

OCT is increasingly used in dermatological clinical practice. In OCT the skin tissue is illuminated 

with low-coherence light, and reflected photons are detected by interferometry, which allows 

coherence matching between the reflected light and a reference beam. This process is called 

coherence gating and causes multiply scattered photons to be rejected, achieving penetration down to 

1-2 mm.
26,27

 Conventional OCT imaging offers an axial resolution of 5-10 µm and a lateral resolution 

of 10-15 µm. Recently described high-definition OCT can reach a resolution of 3 µm along all axes, 

but penetration depth is limited to around 570 µm.
26

 OCT is used for assessing whether a suspicious 
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non-melanocytic lesion is malignant and for evaluating excision margins; in these contexts, OCT 

serves usually as a complementary tool when clinical inspection and dermatoscopy are 

inconclusive.
28,29

 As a reflection-based method, OCT provides primarily morphological information
24

, 

since the greatest contrast is achieved at tissue interfaces. Novel flow-sensitive OCT angiography 

methods such as Dynamic OCT (D-OCT) can detect parts of the skin microvasculature and create 

overlay images with conventional morphologic OCT-images, which allows simultaneous assessment. 

So far they have shown potential for providing objective therapy monitoring during vasoconstrictive 

topical therapy of rosacea and might help in the differentiation of non-melanoma skin cancer and of 

its precursor lesions based on microvascular patterns.
30–34

 A principal disadvantage of flow-sensitive 

OCT devices is, however, that their use is limited to depths around 500 µm, and the resulting images 

offer relatively little depth information because of strong artifacts in the axial direction. As a result, 

relevant information is mostly limited to the en-face views.
30,26,36,35

  

Like OCT, ultrasonography depends on contrast generated at interfaces, in this case interfaces 

separating media of different acoustic impedance.
37

 Ultrasound waves are significantly less influenced 

by scattering in tissue than the light employed by OCT and other optical imaging modalities. 

Therefore, imaging methods based on ultrasound can generally penetrate deeper into tissue-
38,39

 

Nevertheless, both penetration depth and resolution depend on the frequency range at which the 

transducer operates. HFUS offers better axial resolution, but shallower penetration, than conventional 

ultrasonography. For example, HFUS using a transducer with a central frequency of 100 MHz 

provides axial resolution of 16 μm to a depth of 1.5 mm. HFUS at somewhat lower frequencies, 

which is more widely used, provides lower resolution yet can image deeper: HFUS using a transducer 

with a central frequency of 20 MHz can provide axial resolution of 30 μm to a depth of 10 mm.
37

 The 

lateral resolution of clinical ultrasonography systems with 20-MHz transducers is around 200 μm.
4
 A 

major clinical application of HFUS is the preoperative evaluation of melanoma thickness, which is 

important for surgery planning and tumor staging.
37,40–42

 Because of difficulties in distinguishing 

malignant from neighboring benign melanocytic or lymphocytic tissue, HFUS tends to overestimate 

melanoma thickness.
43–45

 In addition, the quality of HFUS imaging is generally adversely affected by 
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strong speckle effects, and, as a reflection-based imaging modality, it is relatively insensitive to 

pathophysiological properties of inflammation or angiogenesis
46

 Doppler HFUS can image skin blood 

flow without using label-free exogenous contrast agents, yet such agents are required for resolving 

microvasculature with diameters below 100 μm.
47

 

 

DERMATOLOGIC IMAGING USING RASTER-SCAN OPTOACOUSTIC MESOSCOPY 

Optoacoustic imaging is based on the detection of ultrasound waves generated within the skin in 

response to pulsed light illumination (Figure 1 a, c). Ultrasound waves are created when light-

absorbing molecules in the tissue absorb the illuminating light and undergo thermo-elastic expansion 

as a result. This expansion produces ultrasound waves, which are detected by transducers. Software is 

used to convert wavefront information into a 3D image reconstruction. The resulting images depict 

the distribution of the optical absorbers in tissue. The illumination wavelength is chosen in order to 

detect contrast from the desired absorber: for example, wavelengths in the visible or near-infrared 

range of the light spectrum can be used to detect hemoglobin, allowing the imaging of vessels.
5,52

 

In recent years several optoacoustic approaches have been tested for skin imaging. While macroscopic 

optoacoustic methods using broad illumination schemes and ultrasound detector arrays penetrate as 

deep as 3 cm and have been used for imaging larger vessels and pilot measurements of melanoma 

thickness, their resolution (typically 100-300 µm) is not sufficient for imaging the small dermal 

vasculature.
53–55

 Microscopic optoacoustic devices, on the other hand, employ focused light to 

generate ultrasound signals from a very confined area. This allows for high-resolution imaging that 

resolves the superficial microvasculature. The penetration depth of such systems is, however, 

fundamentally limited by light diffraction and, therefore, similar to that of RCM or MPT. To the best 

of our knowledge, microscopic optoacoustic devices have not yet entered clinical research.
52,56–59

 

Optoacoustic mesoscopy methods use non-focused illumination schemes in combination with a 

focused ultrasound detector, which enables imaging to depths of several millimeters while keeping 

high resolution.
60–64

 A fundamental limitation of previous systems has, however, been the narrow-
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bandwidth of the applied ultrasound detectors. The span of ultrasonic frequencies emitted by 

microvessels is very broad and depends on their size and depth. Therefore, an ultra-broadband 

acoustic detector is needed in order to resolve simultaneously small capillaries and larger dermal 

vessels through the entire depth of the skin. To date, only raster-scan optoacoustic mesoscopy 

(RSOM), which employs novel lithium niobate-based ultrasound transducers with an extended 

bandwidth from 10 to 180 MHz, has shown this capacity, which makes it suitable for clinical 

dermatological research.
36,48,49

 

In RSOM, the area of interest is scanned line by line in raster mode using a single ultrasound detector 

combined with the illumination source. Typically the field of view measures 4 x 2 mm
2
, which 

significantly exceeds that of optical microscopic methods like RCM and MP. The time needed to scan 

an area of this size is around 70 seconds.
36

 Larger fields of view (up to 8 x 8 mm
2
) are feasible but 

require longer scanning. In principle, RSOM resolution is depth-dependent in the same way as HFUS; 

in both cases, images are prepared from ultrasound waves. An important difference is that while 

HFUS employs narrowband signals (e.g. 5–20 MHz), optoacoustic waves induced in tissue by RSOM 

show an ultra-broadband frequency spectrum. Using lithium niobate-based transducers
36

, RSOM 

achieves a resolution of 20 µm in the lateral dimension and 5 µm in the axial dimension through the 

entire skin depth. This unprecedented performance has provided the first elaborate views of the 

microvascular tree of the skin, in which the smallest capillaries close to the epidermis are visible 

together with the larger arterioles and venules of the deep vascular plexus.. In addition, small features 

of RSOM images can be enhanced by separately reconstructing low- and high-frequency ultrasound 

signals, followed by equalization of the frequency content.
36

 In fact, RSOM can provide a higher ratio 

of resolution-to-depth for imaging dermis than any other label-free dermatological imaging method. 
36

 

When the skin is illuminated at a single wavelength in the visible or near-infrared range of the light 

spectrum, the resulting ultrasound signal comes nearly exclusively from hemoglobin and melanin, 

which have optical absorption coefficients orders of magnitude greater than those of other 

biomolecules. Optoacoustic mesoscopy can, therefore, image the vascular tree and melanin 

distribution with virtually no background signal, providing excellent contrast without the need for any 
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exogenous label. Segmenting images to isolate the vascular tree is often straightforward, since 

melanin-rich structures usually do not overlap morphologically with vascular structures (Figure 1 b, 

d).
48,36

 When the skin is illuminated at more than one wavelength (multispectral mode) 
65,66

, the 

distribution and relative concentration of different photoabsorbing biomolecules can be resolved. So-

called spectral unmixing algorithms are used to identify the contributions of different absorbers to the 

overall ultrasound waves detected by the transducer. This allows assessment of the allocation of 

oxyhemoglobin, deoxyhemoglobin, and melanin within the skin (Figure 1 e, f).
65,66

 

RSOM penetration depth depends on the wavelength of the laser light. In the most frequently applied 

wavelength range of 420-570 nm, the technique can image through the entire depth of skin, 

penetrating approximately 1.5 mm down. Shifting the wavelengths to the red and near-infrared region 

of the light spectrum (570-900 nm) increases the system’s penetration to as deep as 5 mm
36,39

, because 

tissue absorbs light more weakly at these wavelengths. 

In healthy skin, RSOM images allow for an evaluation of the epidermal melanin layer, the dermal 

capillary loops, the underlying horizontal plexus of the dermis, and deeper laying dermal vessels 

(Figure 1 b, d). The measured epidermal thickness correlates quite well with histology.
36

 

Uniquely among dermatological imaging techniques, RSOM can, therefore, comprehensively monitor 

reactivity of the dermal microvasculature to local heating at single-vessel resolution (Figure 1g).
67

 The 

structure and function of cutaneous vasculature may reveal information about systemic disorders such 

as cardiovascular diseases and diabetes mellitus
68

, so RSOM may eventually improve the risk 

assessment in these widespread medical conditions. RSOM’s ability to image epidermis morphology 

and vasculature down to capillary level has already been shown to deliver valuable information, 

which we highlight below in the context of several dermatological diseases.  

Psoriasis 

Aguirre et al. (2017) demonstrated RSOM’s potential to increase objectivity in the assessment of 

psoriasis severity. Psoriasis is a chronic autoimmune disease most commonly involving skin with 

multiple red plaques covered by silver scales. Because of its characteristic microscopic appearance, 
f 
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histology constitutes an important tool for diagnosis. Currently, quantitative evaluation of psoriasis 

relies mainly on subjective clinical features: the widely used PASI index is calculated from the 

appearance of plaque thickness, lesion redness, scaling, and involved percentage of the body.
69

 Visual 

grading of these parameters lacks precision, and the score is affected by considerable inter-observer 

variability.
70,71

 Moreover, it takes into account only superficial features and ignores inner plaque 

morphology and vasculature, even though angiogenesis has been identified as a major hallmark of 

disease progression.
72,73

  

RSOM imaging of psoriatic plaques revealed subsurface pathological features, namely distinct skin 

acanthosis, dilated and elongated capillary loops, and an increased diameter of the dermal vessels 

(Figure 2 a-g). These findings, including vessel diameters, were in accordance with histology and 

immunohistochemistry (Figure 2 e/f). In order to objectively measure disease severity, the authors 

suggested an RSOM-based optoacoustic index (OPIND) calculated from quantitative features in 

RSOM images that reflect the degree of inflammation and angiogenesis. These features include the 

thickness of the epidermis, total blood volume in the dermis, fractal number of the vascular structure, 

as well as density and mean diameter of the capillary loops. Preliminary work suggested good 

correlation between OPIND and local PASI score in single-plaque analysis (Figure 2 g). Those 

authors concluded that non-invasive RSOM imaging of psoriasis may help clarify the pathogenesis of 

the disease and monitor individual disease progression and therapeutic outcomes.
36 

 

Eczema 

Eczema is a different type of skin inflammation largely of atopic, toxic, or allergic origin and 

characterized by erythema, papules, and itching, sometimes as well as blisters or lichenification. In 

skin affected by atopic eczema, RSOM imaging detected less acanthosis and elongation of the 

capillary loops than in psoriatic skin.
36

 Conversely, RSOM detected more prominent elongation and 

dilation of the capillary loops in dibromodicyanobutane-induced allergic contact eczema (clinically 

classified as ++ positive) than in psoriatic skin (white arrow, Figure 2 h); these loops were sparser and 
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more irregularly distributed in contact eczema than in psoriasis. Both types of eczema presented 

inflammation-related changes of the dermal vasculature, especially dilation and increased vessel 

density.  

It may be possible to derive an RSOM-based score analogous to the OPIND for quantifying features 

and severity of different types of dermatitis. It is notoriously difficult to distinguish mild forms of 

type-IV allergic reaction from irritant test reactions in epicutaneous allergy testing.
74,75

 RSOM’s 

ability to assess the microvascular structures in different skin layers 
36

 may facilitate such 

differentiation because allergic and irritant dermatitis seem to involve superficial and deep dermal 

vessels to different degrees.
76,77

  

 

Scleroderma 

Bright-field microscopy is an established tool for assessment of nail fold capillaries for the diagnosis 

of scleroderma, a chronic connective tissue disease leading to hardening of the skin and frequently 

affecting inner organs. This diagnostic approach is, however, limited to superficial layers of the nail 

fold’s microvascular structure, and dry or thickened epidermis can severely compromise image 

quality.
78–80

 RSOM, in contrast, allows for a three-dimensional assessment of the entire microvascular 

tree of the nail fold, including capillaries deep in the nail fold, and this ability is unaffected by the 

condition of the epidermis (Figure 2 i). RSOM imaging of superficial nail fold vasculature gave 

estimates of vessel density and capillary diameter that agreed extremely well with estimates obtained 

with conventional microscopy. These two parameters are widely used biomarkers of scleroderma 

progression.
81

 RSOM’s ability to depict the entire microvasculature of the nail fold holds potential for 

more comprehensive and reliable scleroderma assessment.   
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Malignant skin lesions 

The high resolution of RSOM may make it effective at identifying in situ or early invasive 

melanomas. Nevocytic nevi appear as melanin-rich sections of the epidermis, and the vasculature 

underlying and surrounding them does not differ substantially from healthy skin vasculature based on 

conventional histological assessment or RSOM imaging.
39,48

 RSOM may be able to detect 

pathological neovascularization
82,83

 that occurs in the microenvironment of malignant skin tumors. 

Indeed, it can provide high-resolution images of angiogenesis associated with melanoma growth in 

mice over several days
39

 (Figure 2 j). This capability may allow RSOM to facilitate diagnosis of 

malignant skin lesions and determination of tumor excision margins. Using OCT-based angiography it 

has been shown that mesoscopic analysis of vascular patterns can assist in the non-invasive detection 

of malignant skin lesions.
30,32,34,84

 This method benefits from the simultaneous generation of 

conventional morphological OCT-images, which can give additional clues for diagnosis, but it lacks 

the capability to image deeper parts of the skin’s microvasculature. Also, artifacts in the axial 

direction strongly compromise the depth information in OCT-based angiography (see section 

“Mesoscopy methods”). Microscopic optical imaging methods like RCM and MP can image 

vasculature only in thin tumors with diameters smaller than 250 µm.
6,1

  

 

Functional RSOM imaging in skin and other diseases 

Multispectral RSOM can image the distribution and relative concentrations of different light-

absorbing biomolecules, the best established of which are melanin and oxy- and deoxyhemoglobin.
39

 

The ability to quantitate levels of oxy- and deoxyhemoglobin allows determination of the oxygenation 

status of individual microvessels. For instance, one study measured average oxygen saturation of 85 ± 

4% in superficial dermal vessels and 54 ± 7% in deeper dermal veins.
65

 This ability may make RSOM 

suited to diagnosis or monitoring of hypoxia-associated dermal diseases such as systemic sclerosis
86

, 

as well as most types of chronic wounds.
87,88

 In addition, identifying hypoxic areas may facilitate 

early diagnosis of many malignant cancers, including melanomas, since hypoxia plays a major role in 
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progression and aggressiveness.
89,90

 Hypoxia may also be important in melanoma resistance to 

chemotherapy.
91

  

Research is underway to extend multispectral RSOM to other skin components such as lipids by 

illuminating the skin with infrared light. Lipid imaging could be useful for monitoring treatment 

outcomes in atopic eczema, in which the skin is lipid-depleted.
92 

 

Current limitations 

While current RSOM devices demonstrate the potential of the technique there are still certain 

limitations. One current shortcoming of RSOM, when compared for example to OCT, is the long scan 

time of e.g. about one minute for an area of 2 x 4 mm
2
. OCT scans an area of 6 x 6 mm in about 30 

seconds.
34,81

 Longer scan times increase the risk of motion artifacts, which can occur in particular 

when imaging body areas strongly affected by breathing motion, such as the chest.
93

 Novel advanced 

motion correction algorithms have been developed recently. Their implementation, together with 

shortened scan times due to innovative detector technologies beyond the scope of this article, is 

expected to improve image quality in such examinations.  

 

CONCLUSION 

Microscopic dermatological imaging modalities penetrate down to only a few hundred micrometers. 

High-resolution mesoscopic methods, which rely on contrast due to energy reflection, can penetrate 

deeper but provide primarily morphological information about the skin without much functional or 

molecular information. In addition, these mesoscopic methods at best only partially resolve the skin’s 

microvascular structure. Uniquely among dermatologic imaging methods, RSOM, which relies on 

contrast due to light absorption, offers mesoscopic penetration depth and an extended field of view 

(Table 2). Due to its novel ultra-broadband ultrasound transducer, it can resolve the comprehensive 

microvascular tree of the skin, and it has demonstrated clinical potential in several small studies of 
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psoriasis, nevocytic nevi, skin inflammation and skin cancer. Besides functional images, RSOM can 

provide detailed images of the distribution of oxy- and deoxyhemoglobin and potentially of other 

biomolecules, enabling the first rapid and straightforward functional imaging of skin-related and other 

diseases. Overall, RSOM narrows the capability gap in non-invasive dermatological imaging with 

great potential to resolve important biomarkers for precision medicine (Table 2).  
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Table 1 Technical performance characteristics of relevant dermatological imaging methods and 

raster-scan optoacoustic mesoscopy (RSOM)  

 

Reflectance 

Confocal 

Microscopy 

(RCM)  

1,8,94
 

Multiphoton 

Microscopy 

(MP) 

1,27,95
 

Optical 

Coherence 

Tomography 

(OCT) 

26,27,30,96,97
 

20-MHz 

High 

frequency 

ultrasound 

(HFUS) 

4,37,98
 

Raster-scan 

optoacoustic 

mesoscopy 

(RSOM) 

36,48,51
 

Contrast 

mechanism 

Light 

reflection  

Light 

Absorption 

Reflection of 

low-coherent 

light 

Reflection of 

mechanical 

waves 

Light 

Absorption 

Axial resolution, 

μm 
3-5  1  5-10, 3 * 30  5  

Lateral 

resolution, μm 
0.5-1 0.3  10-15, 3 * 200  20  

Penetration 

Depth, mm 
0.2-0.25 0.25 

1-2,  

0.57 * 

0.5** 

10  

1.5 (visible 

light), 5  

(NIR***) 

Typical field of 

view, 

mm
2 

0.50 x 0.50 0.35 x 0.35 
6 x 6 

1.8 x 1.5* 
8 x 12 4 x 2**** 

Current state of 

development 

Clinical 

practice 

Clinical 

research 

Clinical 

practice 

Clinical 

practice 

Clinical 

research 

*High definition-OCT (HD-OCT) 

**OCT-based angiography 

***Near-infrared light 

****Typical field-of-view; fields up to 8 x 8 mm
2
 are feasible 
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Table 2 Potential of relevant dermatological imaging methods and raster-scan optoacoustic 

 

 

Biomarkers 

Reflectance 

Confocal 

Microscop

y (RCM)  

Multiphoto

n 

Microscopy 

(MP) 

Optical 

Coherence 

Tomography 

(OCT) 

20-MHz 

High 

frequency 

ultrasoun

d (HFUS) 

Raster-scan 

optoacousti

c mesoscopy 

(RSOM) 

M
el

a
n

o
m

a
 

Cellular/subcellular 

features (e.g. cellular 

atypia, pagetoid cells) 

(✔) 

(superficial) 

(✔) 

(superficial) 

✖** ✖ ✖ 

Invasion of surrounding 

tissue by tumor / single 

tumor cells 

(✔) 

(superficial) 

(✔) 

(superficial) 

(✔) 

(no single 

cells) 

(✔) 

(no single 

cells) 

✔ 

Neovascularization / 

atypical vessels 

(✔) 

(superficial) 

(✔) 

(superficial) 

(✔) 

(superficial) 

✖ ✔ 

Tumor-associated 

hypoxia 
✖ ✖ ✖ ✖ ✔ 

P
so

ri
a

si
s 

/ 
E

cz
e
m

a
 

Hyperkeratosis, 

acanthosis 

(✔) 

(superficial) 

(✔) 

(superficial) 

✔ ✔ ✔ 

Microvascular 

abnormalities (e.g. 

elongated dilated 

capillary loops) 

(✔) 

(superficial) 

(✔) 

(superficial) 

((✔)) 

(partially, 

superficial) 

✖ ✔ 

Cellular/subcellular 

features (e.g. presence of 

inflammatory cells, 

parakeratosis) 

(✔) 

(superficial) 

(✔) 

(superficial) 

✖** ✖ ✖ 

S
cl

er
o

d
er

m
a

 

Microvascular 

abnormalities (in nail 

fold microvasculature 

and elsewhere in affected 

skin: e.g. giant 

capillaries, decrease of 

capillary density) 

(✔) 

(superficial) 

(✔) 

(superficial) 

((✔)) 

(partially, 

superficial) 

✖ ✔ 

Increased dermal 

thickness 
✖ ✖ ✖ ✔ ✔ 

Sclerotic changes of 

dermal connective tissue 

(e.g. altered collagen 

fibers,  decrease of 

elastic fibers) 

(✔) 

(superficial) 

(✔) 

(superficial) 

(✔) 

(indirectly) 

(✔) 

(indirectly) 

✖ 
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mesoscopy (RSOM) to resolve selected biomarkers of important skin conditions 

*Microvascular dysfunction, e.g. found in diabetes mellitus 

**Novel HD-OCT reaches cellular resolution (limited to ~570 µm of penetration) 

 

 

Figure 1 Raster-scan optoacoustic mesoscopy (RSOM): illustration of the system and imaging of 

healthy skin. (a) Schematic illustration of an RSOM system, depicting the configuration of the 

ultrasound detector (transducer) and the illumination bundles. (b) RSOM images of healthy skin in 

transverse cross-section. Smaller structures (e.g. small vessels) emit ultrasound signals rich in high-

frequency components (depicted in green); larger structures (e.g. larger vessels) emit signals rich in 

low-frequency components (depicted in red). Scale bar, 500 μm. (c) Photograph of RSOM scanning 

head attached to an articulated arm. (d) RSOM images of skin layers in enface sections. EP, 

epidermis; DR, dermis; CL, capillary loops; VP, vascular plexus. Scale bar, 500 μm. (e) Absorption 

spectra of melanin, oxy- and deoxyhemoglobin as a function of the wavelength of the applied light. At 

532 nm, the three chromophores absorb equally strongly and therefore emit equally intense 

optoacoustic signals. At 660 nm, the weaker absorption by oxy- and deoxyhemoglobin allows for 

largely selective imaging of the skin’s melanin distribution. (f) Mapping of the distribution of 

melanin, oxy- and deoxyhemoglobin in human skin generated through unmixing of multispectral 

RSOM imaging: A, enface cross-section through the epidermal layer; B, enface cross-section through 

Local hypoxia ✖ ✖ ✖ ✖ ✔ 
M

ic
ro

v
a

sc
. 

d
y

sf
.*

 

Decreased microvascular 

reactivity (e.g. attenuated 

heat-induced 

vasodilation) 

✖ ✖ 

((✔)) 

(partially, 

superficial) 

✖ ✔ 
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the dermal layer; and C, transverse cross-section through the entire skin. Scale bar, 250 μm. (g) 

Transverse cross-section of forearm skin before local heating (minutes 0 and 2) and after local heating 

(minutes 6 and 8) from 25 to 44 °C. The heating causes reactive vasodilation. Scale bar, 500 μm. 

Panels a-d modified from Aguirre et al. (2017); panel e, modified from http://www.skin-

md.net/product-model/spectra-xt; panel f, modified from Schwarz et al. (2016); and panel g, modified 

from Berezhnoi et al. (2018). 

 

Figure 2 Imaging of skin diseases using RSOM. (a-f) RSOM imaging comparing psoriatic plaque 

and adjacent healthy skin, together with the corresponding histological sections. Structures emitting 

high-frequency ultrasound signals (e.g. smaller vessels) are depicted in green; those emitting low-

frequency signals (e.g. larger vessels) are depicted in red. (a) RSOM transverse cross-sectional image 

of psoriatic plaque. The elongated capillary loops (green) nearly reach the skin surface and appear 

interwoven with the depigmented and acanthotic epidermis (red with low contrast, EP). In the 

underlying dermal layer (DR), the vessels of the dermal plexus appear dilated and organized in a 

dense manner. Scale bar, 200 μm. (b) RSOM transverse cross-section through adjacent healthy skin 

depicts the melanin-containing epidermis on top and the capillary loops and dermal vessels below. 

Scale bar, 200 μm. (c) Photograph (left) and enface RSOM image (right) of psoriatic plaque. The tips 

of the capillary loops appear as green dots. Scale bar, 300 μm. (d) Photograph (left) and enface RSOM 

image (right) of neighboring healthy skin. The top layer of the RSOM image shows melanin-

containing epidermis and physiological markings on the skin surface. Scale bar, 300 μm. (e) 

Histological cross-section (left) and corresponding RSOM transverse cross-section (right) of psoriatic 

skin from the location depicted in panel (c). Histology shows increased dermal vascularization, 

papillomatosis and elongated capillary loops. (f) Histological cross-section (left) and corresponding 

transverse RSOM cross-section (right) of healthy skin from the location depicted in panel (d). (g) Top 

row: Quantitative comparisons of blood volume, fractal number and epidermis thickness in psoriatic 

skin (Ps) and healthy skin (HL). Bottom row: Differences between measurements in psoriatic vs. 

healthy skin. (h) Transverse cross-section of skin affected by contact eczema induced by epicutaneous 

allergy testing (result "++ positive"). Capillary loops (white arrow) are longer and more dilated than 
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in healthy skin but appear more irregularly and sparsely distributed than in psoriatic skin [see panels 

(a) and (b)]. Vessels of the dermal plexus are dilated. Scale bar, 200 µm. (i) Transverse cross-section 

of a skin region in close proximity to the nail fold of the fourth finger of a healthy volunteer (nail 

located to the left of the region shown). Yellow arrow marks capillaries that lie close to the base of the 

nail and are oriented parallel to the skin surface. Brown arrows highlight capillaries farther away from 

the nail, oriented perpendicular to the skin. Therefore, only the capillary tips are visible. Scale bar, 

250 µm. (j) Enface RSOM images of melanoma growth and tumor angiogenesis in subcutaneous 

mouse tissue captured on days 4 and 9 after injection of melanoma cells. Insets in each image depict 

an identical region in the immediate vicinity of the tumor: growth of smaller vasculature is visible 

over time between two large vessels (smaller arrow). Scale bar, 1 mm (main image), 0.5 mm (inset). 

Panels a – g modified from Aguirre et al. (2017); panel h courtesy of the authors; panel i modified 

from Aguirre, Hindelang et al. (2018); panel j modified from Omar et al. (2015).  
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