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1. Introduction 

 

Skin diseases account for 22,5-26,5% of primary care visits worldwide, so basic 

knowledge of dermatology is extremely important in general practice 1, 2. The work of a 

dermatologist has always relied heavily on visual observation of the skin. In the 19th and 

20th century, dermatopathology and microscopic examination of histological skin 

sections became the gold standard for diagnosis of a wide range of dermatological 

conditions  3. However, in the 21th century, this is rapidly changing due to an incredible 

development of imaging techniques in medicine. New modalities have to meet the 

requirements of dermatological needs, and are expected to offer additional benefits, such 

as deeper penetration, high spatial resolution, chemical or optical contrast, compared to 

traditional histopathology  4. Also, there is an emerging need for noninvasive diagnostic 

tools, beyond than the classic dermoscope, a simple hand-held microscope, which is the 

only noninvasive diagnostic device in the daily clinical practice for the time being  5. New 

techniques are expected to result in devices that are easy to use, mobile, easy to handle 

and the clinicians need little training  6. Besides, economical benefit is an aspect to be 

considered, as these equipments and instruments will only be implemented into healthcare 

providers if they are sufficiently cost efficient  7.  

1.1 Nonlinear optical processes 

1.1.1 A brief overview 

Nonlinear optical (NLO) processes were first experimentally demonstrated by P. Franken 

in 1961, who generated blue light by focusing ruby laser pulses into a quartz crystal  8. 

Nonlinear optical phenomena are the basis of many key technologies used today in optical 

information processing, ultrafast pulsed lasers, optical computers, sensors, laser 

amplifiers and many others  9. During electromagnetic wave – matter interactions, the 

material responses to the incident electric field (E) with induced polarization (P). 

Conventionally, in linear optics, P is linearly proportional to E, and the frequency of 

oscillation of the polarization and that of the driving field is the same. This linear 

polarization explains linear optical events, such as linear absorption - a light wave of a 

certain frequency that interacts with a molecule might be absorbed and later emitted as a 

fluorescent light -, it might induce polarization of the same optical frequency (linear 

polarization), that explains the refractive index of a material  10, 11. If the intensity of the 
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light source is sufficient enough to create high peak intensities in the focal point, multiple 

photons will be absorbed by the material simultaneously, and optical properties of the 

material will be modified in such a way, that the dependence of P will be non-linear to 

the strength of the applied optical field. This gives rise to nonlinear optical phenomena  8. 

The material response can be described with the Taylor-series expansion  12:  

P=ε0 [χ(1)E +  χ(2)E2+  χ(3)E3 + …] =P(1) + P(2) + P(3) = P(1) + Pnon-linear = Plinear + Pnon-linear ,  

where χ(n) is a constant and describes the nth order susceptibility. Pnon-linear  differs from the  

linear term as the frequency of the oscillation will be different from that of the incident 

light, and new frequency components, called harmonics appear 13. However, to generate 

these new terms at significant rates, very high electric field is required  14. Although 

scientists met with NLO phenomena in relation to the appearance of lasers, high E is 

typically generated ultrafast - pico- or femtosecond - laser pulses which produce very 

high peak intensities in the focal volume of 0,1 femtoliter. The lower the frequency of the 

laser pulses, the higher the probability of NLO events, besides low average laser output 

power   15. NLO imaging techniques give the contrast of imaging through the interaction 

of the light and medium.  

As the NLO processes are only rise in the focal point through optical focusing, imaging 

is not disturbed by light scattering, and unprecedented resolution is enabled  16. Besides, 

low average powers ensure negligible phototoxicity and thermal damage  17, 18. NLO 

imaging offers solution to medical challenges ranging from molecular-level studies to 

clinical investigation of patients. The most important nonlinear optical effects with 

medical application are two-photon excitation fluorescence (TPEF), second harmonic 

generation (SHG), third harmonic generation (THG), Coherent anti-Stokes Raman 

scattering (CARS) and stimulated Raman scattering, (SRS). These modalities are also 

called as multiphoton processes, as two or three photons interact with the other at a time  

19. Most significant advantage of NLO imaging techniques is that there is no need for 

stains or labeling, as detectable emitted signal is created by the excitation of the molecules  

20. The integration of NLO imaging in microscope systems led to the appearance of 

nonlinear optical microscopy (NLM) or multiphoton microscopy (MPM). NLM 

applications in medical and dermatological research is already ongoing. As several 

molecule in the skin acts as an endogenous cromophores, in vivo imaging is also feasible  
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21. See Table 1. for the excitation and emission spectra of these chromophores and other 

molecules and chemical bonds that are subject to NLM imaging in the skin.  

Table 1. Endogenous chromophores in the skin  

Chromophore Two-photon Excitation λex (nm) 

Fluorescence and SHG 

Retinol  19 700–830 

NADH  19 690–730 

Flavins 19 700–730 

Elastin 19 700–740 

Collagen 

 Fluorescence  21 700–740 

 SHG  22 700-900  

  

NLM provides spatial resolution is in the sub-micrometer range, and high temporal 

resolution enables the follow-up of physiological processes in vivo. Parallel imaging of 

distinct molecules and structures can be visualized in multicolor pictures, and 3 

dimensional (3D) outputs can also be aquired if we capture images in multiple depths. 

Compared to other in vivo imaging techniques already in the clinical practice, NLM 

provides higher resolution and selective imaging compared to optical coherence 

tomography (OCT) and enables deeper penetration as opposed to reflectance confocal 

microscopy (RCM)  23, 24. TPEF, SHG and CARS imaging is already used for in vivo 

imaging of the skin and available in the market as a device named MPTflex and MPTflex-

CARS  25. However, costs are currently much higher than that of RCM, and diagnostic 

quality does not exceed RCM, thus, until now, mostly experimental results are available  

26. 

1.1.2 Two-photon excitation fluorescence 
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During TPEF two photons excite a molecule simultaneously (within 0,5 fs apart) into a 

higher-energy state, where the energy is equal to the sum of the photon energies. Thus, 

the emitted photon energy will be higher than that of the incident photon (Figure 1A). In 

case of TPEF, the absorbed power and the emitted signal intensity is proportional to the 

square of the input power  27, 28. Fluorophores in the skin, which can be detected and 

visualized by TPEF are keratin, melanin, elastin, nicotinamide adenin dinucleotide + 

hydrogen (NADH) and flavin adenin dinucleotide (FAD) 29. Additional atoms or 

molecules can also be excited, where a single photon energy would not be sufficient. 

Moreover, despite the exciting laser beam operates in the near infrared (NIR) range and 

penetrates deeper in the skin, the emitted higher-energy photon falls into the visible range 

of the electromagnetic spectrum, and can be detected with bandpass filters of different 

wavelength range  30.   

 

Figure 1. Mechanism of the introduced nonlinear optical phenomena. (A) Two-photon 

excitation fluorescence. Two incident photons with the same frequency is absorbed by 

the molecule, that reaches a higher energy state. After a non-radiating deexcitation, a 

fluorescent photon is emitted and the electrons return to ground state. (B) Second 

harmonic generation. This phenomenon occurs in materials that lack inversion symmetry 

and exhibit high spatial orientation. The two incident photons with the same frequency 

are not absorbed, but combined. Their energy is conserved, and the frequency of the 

emitted photon will be the double of the initial photons.  
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1.1.3 Second-harmonic generation 

Materials that lack inversion symmetry can exhibit χ(2) nonlinearity  31. In this case, two 

photons interact with a material, and they are not absorbed, but scattered, and energy of 

the emitted photon will be twice of the incident photons without any energy loss (Figure 

1B). As the generated new term is a wave with twice the optical frequency of the incident 

photon, this phenomenon is also called as frequency doubling, where the phase-matching 

requires n(ω)= n(2ω)  32, 33. The intensity of the emitted SHG signal is proportional to the 

square of the input power  34. Such non-centrosymmetric macromolecules are the 

collagen, tubulin and myosin  35, 36. In the skin, collagen gives rise to an intense SHG 

signal, so skin diseases that affect structure, amount or organization of collagen can be 

investigated with this modality  37. During TPEF and SHG imaging, one tunable, mode-

locked laser light source is used. A tunable laser wavelength can be set to match the 

excitation wavelength of the molecule to be examined, whereas mode-locking provides 

pico- or femtosecond laser impulses instead of a continuous wave light source  38. This 

latter parameter is preferable during in vivo applications, as the possibility of thermal 

damage becomes lower  39. Currently, ultrashort tunable laser pulses produced by 

broadband Titanium-sapphire (Ti:Sa) being used for TPEF or SHG imaging  28, 40. Lately, 

these solid-state lasers are also paired with optical fibers, that might transmit the laser 

beam to the investigated material and also the emitted optical signal  41. This technique 

founds the future use of NLM in clinical practice or in the field of endoscopy  42.  

1.1.4 Dermatological applications of nonlinear optical imaging  

A combination of these modalities is a commonly found in commercially available NLO 

systems. The first multimodal multiphoton microscope with CE mark was DermaInspect 

introduced in 2003 (JenLab GmbH, Germany), capable of TPEF and SHG imaging  43. 

Next, the first fibre-coupled microscope system appeared in 2009, that could carry out 

TPEF, SHG and CARS imaging  44. In 2010, JenLab created a multiphoton tomography 

device with flexible arm, called MPTflex  45, 46, 47. Although substantial progress has been 

made in this device with its improved resolution compared to OCT and RCM, in vivo 

reports show that the imaging depth that still provides cellular resolution is only up to 100 

μm. However, detection of different nonlinear optical signals of simultaneously excited 

molecules enable multicolor images  25. Still, the cost of the installation and operation of 

NLM exceeds that of RCM, whereas it lacks additional benefits. Thus, the use of NLM 
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is rather profitable in research institutions, and we still have to wait for its implementation 

in general patient care  48. In dermatological basic science, NLM is widely used to monitor 

connective tissue alterations of the skin during aging, photoaging 49, 50, 51, 52. Also, 

transdermal penetration of various compunds found in cosmetic products was also 

investigated  53, 54, 55, 56, 57. In clinical studies, ex vivo NLM was used to examine rare 

connective tissue diseases of genetic origin  58, 59. In vivo studies are available, but these 

were done in a limited number of patients. A sensitivity of 84,8% and specificity of 100% 

was found in the diagnosis of basal cell cancer 60. In vivo imaging of basal cell cancer was 

investigated with MPTflex in 9 patients, where basaloid cell nests were recognized on the 

MPM images, and palisading was recognized in some areas. Cellular resolution of deeper 

nests was a limitation of this study, where signal to noise ratio significantly decreased. 

This hampers its application possibilities in the case of invasive cancer subtypes  22. NLM 

was also suitable to diagnose and differentiate squamous cell cancer from its premalignant 

stage, actinic keratosis 53, 61. In the examination of melanocytic lesions, sensitivity was 

71-76% and specificity was 72-97%. The in vivo diagnosis of melanoma, both sensitivity 

and specificity was at least 95%  54, 62, 63. Besides malignant skin lesions, several other 

skin conditions were studied, and now we are more familiar with nonlinear microscopic 

features of inflammatory skin conditions, such as atopic dermatitis or psoriasis  25, 

autoimmune bullous diseases, seborrheic keratoses in vivo 64. 

1.1.5 Spectral decomposition 

A common challenge that arises during NLO imaging, is the overlapping emission spectra 

of the investigated components, that result in poor signal to noise ratio. Thus, 

multispectral aquisition and spectral unmixing is necessary to determine the relative 

amount of the fluorophores. These information yield in the chemical composition of the 

sample on a submicrometer scale  65, 66. Multidimensional vectoral spaces are often used 

to describe spectral distribution of light reflected from different targets in multispectral 

remote sensing applications using satellites  67, which are based on predefined color bands 

(bandpass filters) as base vectors. Depending on the number of investigated fluorophores, 

multiple excitation wavelengths and emission filters are required together with several 

regions imaged throughout the sample. In general, the number of separate spectral 

channels has to be at least the number of components that are measured. The applied 

emission filters also have to best match their emission spectra. Analysis of the results 
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involves complex mathematical approaches 68. In medical research, hyperspectral or 

multispectral unmixing separates structures with similar spectrum from other regions 

based on their spectral characteristics. As a noninvasive alternative to histologic staining, 

here an “optical staining” is created, that provides histological tissue information and 

morphological data in a rapid, non-destructive way 69. 

Overall, these NLO techniques are suitable for both ex vivo and in vivo investigation of 

the skin in 2- or 3D. Combination of these methods results in multimodal imaging, while 

the application of several excitation or emission spectrum leads to multispectral imaging. 

In dermatology, TPEF is usually used together with SHG to provide information about 

keratin, elastin and collagen and to visualize both the epidermis and dermis. With NLM, 

we can investigate skin cancers, inflammatory skin disorders, the effect of metabolic 

diseases, genetic skin diseases, and also skin aging 70. Our research group previously 

utilized NLM for the ex vivo detection of basal cell cancer  71, for in vivo assessment of 

connective tissue alterations of the dermis in murine models  70, 72 and for ex vivo 

investigation of rare genetic diseases with skin involvement  58, 59. During my research 

we also worked on the development of a NLM setup capable of CARS imaging to detect 

basal cell cancer in a stain-free noninvasive way on ex vivo skin biopsies  73, and we 

studied collagen fibre structure of basal cell cancer tumor nests with SHG on ex vivo skin 

sections  74.  Given the stain-free optical imaging features of NLO imaging, it may serve 

as an in vivo alternative of the gold standard of diagnosis, histopathology in the future. 
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1.2 Pseudoxanthoma elasticum 

Pseudoxanthoma elasticum (PXE, OMIM#264800) is a rare, multisystemic, metabolic 

disease that is characterized by ectopic mineralization of soft connective tissue  75. The 

etimology refers to the cutaneous alterations resembling xanthomas, together with the 

involvement of elastic fibers. Skin, eyes and the cardiovascular system are the organs 

most often affected, and clinical manifestations show progression with life that leads to 

peripheral arterial disease, stroke or blindness  76. There are only estimations to the 

prevalence due to the often subtle visible skin alterations, and diagnosis is usually made 

only after severe complications. The current incidence of diagnosed cases varies between 

1:25000 – 1:100000  77 and women are twice often affected  78. Carrier frequency is 

reported to be about 1 per 100  79. 

1.2.1 Etiology 

Until the 21th century, there were only theories about the pathomechanism of PXE. In 

2000, research groups identified mutations in the ATP-binding casette sub-family C 

member 6 (ABCC6) gene (OMIM#603234) in the background of PXE. Although the exact 

mechanism of ectopic mineralization was not revealed back then  76. In the upcoming 

years, researches stated that PXE is caused by an unknown factor in the circulation, that 

requires ABCC6, rather that by the lack of ABCC6 as expected earlier. In 2013, Jansen 

et al. proved this circulating factor to be the inorganic pyrophosphate (PPi). They showed, 

that ABCC6 indirectly raises plasma PPi levels via the excretion of ATP and other 

nucleosid triphosphates  80. Although the mode of ATP transportation is yet unclear, 

hepatocytes release ATP in an ABCC6-dependent manner, that is instantly converted into 

AMP and PPi by plasma ectonucleotidases (ENPPs). Loss-of-function mutations of the 

ABCC6 gene is the most common cause of PXE, although other mutations have also been 

described  81. In case of a defective ABCC6 protein, a reduced level of plasma PPi and 

reduced pyrophosphate/phosphate ratio is measured  82. In line with these findings, PXE 

patients have significantly lower amount of plasma PPi compared to healthy individuals  

82. PPi is known as an anti-mineralization factor that inhibits hydroxyapatite crystal 

deposition  83. Unlike ATP, systemic PPi has higher plasma half-life that ensures a 

sufficient systemic concentration, peripheral activity and inhibition of ectopic 

mineralization  82. Low plasma levels of PPi and reduced pyrophosphate/phosphate ratio 
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is likely contribute to aberrant ectopic mineralization  84. Recently, reduced plasma PPi 

levels were also claimed in other diseases with ectopic mineralization  85. 

1.2.2 Clinical presentation  

Cutaneous manifestations tipically develop in childhood or adolescence. The apperance 

of small yellowish papules on the lateral aspects of the neck is usually the first sign of 

PXE. Later, papules develop in flexural areas, coalesce into reticulated plaques and give 

the skin a cobblestone-like appearance  75. Mucosa may also be affected. Later, the skin 

becomes wrinkled and redundant skin folds appear in the axillae, groin and abdominal 

area, that lead to severe aesthetic impairment  86. Ophthalmologic manifestations are the 

result of calcification of the elastic fibres in the choroideal Bruch’s membrane. Drusen-

like pigmented dark spots, called „peau d’orange” in the temporal region of the posterior 

pole are early signs. Then, mineralization leads to cracks in the membrane, that will 

manifest as angioid streaks  87, 88. This triggers neovascularization, leading to subretinal 

hemorrhage and progressive loss of central vision  75. Cardiovascular involvements are 

the consequence of early atherosclerosis due to mineralization of the elastic fibers in the 

internal elastic lamina of the vessels. This medial arterial calcification is also referred to 

as arteriosclerosis, that affects vessels of the extremities, coronary arteries, and the 

cerebral circulation  89. Early acute myocardial infarction, gastrointestinal bleeding and 

stroke may also develop  86. A clinical scoring system was proposed by Legrand et al.  90 

to estimate disease severity, shown in Table 2. Eye and cardiovascular manifestations 

appear several years after the onset of skin lesions, and the severity of ophthalmological 

symptoms was shown to correlate with the severity of skin lesions  91. However, ocular 

or vascular manifestations may also evolve in the absence of skin changes  92.  
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Table 2. Severity scoring system proposed by Legrand et al., that is an extended version 

of the Phenodex standardized scoring system to evaluate PXE patients  90.  

Organ system findings 

Skin 
  

S0 
 

No sign 

S1 
 

Papules/bumps 

S2 
 

Plaques of coalesced papules 

S3 
 

Lax and redundant skin 

Eye 
  

E0 
 

No sign 

E1 
 

Peau d'orange 

E2 
 

Angioid streaks 

E3 
 

Bleeding and/or scarring 

Gastrointestinal 
  

G0 
 

No sign 

G1 
 

Gastrointestinal bleeding as related to PXE 

Vascular 
  

V0 
 

No sign 

V1 
 

Weak or absent pulse or peripheral artery disease revealed by 

vascular imaging 

V2 
 

Intermittent claudication  

V3 
 

Vascular surgery or Stroke/TIA 

Cardiac 
  

C0 
 

No sign 

C1 

 

Chest pain/angina/abnormal EKG or abnormal stress test with 

no symptom, or Mitral insufficiency 

C2 
 

Heart attack 

Renal   

R0  No sign 

R1 

  

Nephrolithiasis 
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1.2.3 Diagnosis  

Although there were earlier attempts to describe the criteria of PXE back in the 1970s, 

diagnostic and classification criteria kept constantly changing as the  diagnostic tools 

developed  92. The latest proposal for diagnosis and classification of PXE was presented 

by Plomp et al. in 2010, who incorporated molecular genetic findings in the guidelines. 

According to this update, dermatological, opthalmological and molecular genetic 

examination is necessary, and clinical findings solely are not sufficient to confirm PXE  

88. This approach classifies PXE patients into „definite”, „probable” and „possible” 

categories, based on the major and minor criteria they fulfill (Table 3).  

Besides clinical findings, skin biopsy and/or mutational analysis is required for diagnosis. 

For histopathological examination, specific stains are used besides hematoxilin and eosin 

(H&E). Weigert’s elastic (WE) staining or elastic van Gieson (VG) stain show 

fragmented elastic fibres, and von Kossa (VK) staining is used to highligh mineral 

deposition  93. Skin histopathology reveals alterations in the mid-dermis, whereas the 

papillary dermis and deeper layers of the reticular dermis remain unaffected. 

Characteristic histological features are fragmented, clumped and mineralized elastic 

fibres, as well as calcium deposits in the mid-dermis. Calcification mainly consists of 

calcium hydroxyapatite and calcium hydrogen phosphate  94. Polymorphous, coiled 

elastic fibers are also visible  94. In the affected areas, collagen bundles are irregular in 

diameter and a flower-like cross-sectional shape is apparent in most patients, although 

these were stated as aspecific changes. Interstingly, histologic alterations are present in 

skin regions that seem to be unaffected by visual inspection  95.  Ultrastructural studies 

reveal two types of calcification: fine mineral precipitates deposited in the core of the 

elastic fibers, and bulky deposits around the fibers, that will lead to their fragmentation  

86. The rarity and considerable inter- and intrafamilial   heterogenity in phenotype 

challenges recognition of PXE and is responsible for an often delayed diagnosis  92, 96, 97.  
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Table 3. Revised diagnostic criteria for pseudoxanthoma elasticum. Source: Plomp et al. 

2010  88. Copyright © 2010 Wiley‐Liss, Inc. 

Major diagnostic criteria 

1. Skin 

a. Yellowish papules and/or plaques on the lateral side of the neck and/or flexural 

areas of the body; or 

b. Skin biopsy: fragmentation, clumping and calification of elastic fibers  

2. Eye 

a. Peau d’orange;  

b. Angioid streaks (AS) (at least as long as one disk diameter) 

3. Genetics 

a. Pathogenic mutation of both alleles of the ABCC6 gene 

b. A first degree-relative meeting the diagnostic criteria for definitive PXE 

 

Minor diagnostic criteria 

1. Eye 

a. One AS shorter than one disk diameter; or 

b. One or more ‘comets’ or ‘wing signs’ in the retina 

2. Genetics 

a. Pathogenic mutation of one allele of the ABCC6 gene 

Diagnostic requirements 

Definitve diagnosis 

The presence of ≥ two major criteria of different categories 

Probable diagnosis 

The presence of two major eye or two major skin criteria, or  

The presence of one major criterion and ≥ one minor criteria not belonging to the same 

category as the major criterion 

Possible diagnosis 

The presence of a single major criterion, or  

The presence of ≥ one minor criteria 
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1.2.4 Therapy 

There is yet no successful medical treatment to counteract systemic ectopic 

mineralization. A number of studies advise dietary considerations. High calcium and 

phosphate intake should be avoided as it correlated with more severe forms of PXE. 

Phosphate-low diet and phosphate binders might slow down the progression of the disease  

according to clinical studies  92. PPi supplementation was found not to be effective due to 

its short plasma half-life. Bisphosphonates (BP), however, have been successful in other 

disorders of mineralization as nonhydrolyzable PPi precursors effective via per os 

administration  80. A PPi analog etidronate intake also prevented mineralization  75. 

Results from animal studies suggest, that another, naturally occurring systemic 

mineralization inhibitor, α-fetuin may prevent ectopic calcification  86. Application of 

small molecular weight compounds that facilitate translational read-through of premature 

termination codon mutations  - which make up a large percent (40%) of mutations – in 

the ABCC6 gene, may become new treatment options in the future  86. Chaperone 

molecules were demonstrated to be helpful to correct misfolded or mistargeted proteins 

in vitro. Cell transplantation from hepatoblastic cell lines is another cell-based strategy  

92. Vector transferred and plasmid based gene therapy are subject to intensive research  75.  

Skin alterations are usually corrected with cosmetic surgical interventions  98, 99. Today, 

for the eye complications anti-vascular endothelial growth factor (anti-VEGF) treatment 

replaced invasive treatments – such as laser photocoagulation, transpupillary 

thermotherapy and photodynamic therapy - and it shows superior efficacy to control 

choroidal neovascularization  92. To prevent cardiovascular complications, a general, but 

more agressive approach to healthy lifestyle is expected from patients. Cessation of 

smoking, cholesterol-lowering agents, physical excercise are advised to prevent 

accelerated atherosclerosis  75.  
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2. Objectives 

Calcium deposits, a histopathological hallmark of PXE could not be visualized so far with 

NLM. Data in literature regarding the examination of skin alterations and its association 

with systemic complications in PXE is still controversial and rather scarce for the latter. 

There is yet no biomarker that would anticipate the natural flow of the disease in 

individual patients. This unexplored field originates from the rarity of the disease, the 

usually late onset of symptoms, the underdiagnosis of PXE and the lack of 

multidisciplinary cohort studies.  Moreover, an imaging device and methodology to 

visualize fine alterations of elastic fibers and mineral deposits in the skin is yet to be 

developed and tested. Our group utilized an NLO imaging apparatus capable of 

simultaneous TPEF and SHG imaging. In an attempt to clarify some of above problems, 

we conducted these experiments and aimed to answer the following questions: 

2.1 I. Experiment: To utilize ex vivo TPEF and SHG imaging in PXE  

1. Is ex vivo NLM suitable to visualize histopathological alterations of elastin and 

collagen, and reveal calcium deposits in PXE skin sections orthogonal to the skin surface 

with TPEF and SHG techniques? 

2. Do quantitative parameters of elastin and collagen fibres differ between healthy 

controls and PXE patients? 

3.   How variable is the extent of calcification in the mid-dermis? Does this correlate with 

a possible soluble biomarker, PPi? 

2.2 II. Experiment: To carry out spectral decomposition on ex vivo NLM images 

of PXE skin sections 

1. Is Phloxine B staining suitable to create optical contrast between TPEF signal of 

elastin and calcification of deparaffinized PXE skin sections? 

2. Is it possible to spectrally separate collagen, elastin and calcification with 

mathematical algorithms, when three different bandpass filters are used to capture 

TPEF and SHG signals to create concentration maps of these tissue components 

and multicolor images of PXE sections? 
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3. Results 
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Our present studies were approved by the Semmelweis University Regional and 

Institutional Committee of Science and Research Ethics, Budapest, Hungary (SE TUKEB 

no. 193/2017 and SE RKEB no. 193-2/2017). 

 

3.1 I. Experiment 

3.1.1 Phenotype 

Five patients were included in this study, three of them were female. Their mean age was 

53.8 ± 11.7 years. Three female and two male healthy individuals were involved in the 

study as controls. Their mean age was 52.2 ± 4.9 years. None of the patients were absent 

of skin, eye and vascular complications. We found cardiac alteration in one patient. No 

gastrointestinal or renal disease was observed. Clinical pictures of skin alterations of PXE 

patients are shown in Figure 2. Plasma PPi levels were significantly lower in PXE 

compared to healthy controls (mean ± SD 0.232 ± 0.063 μM vs 0.947 ± 0.108 μM) (Figure 

3). 
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Figure 2. Clinical pictures of affected skin areas of the five PXE patients. Pt: Patient. Pt1: 

yellowish papules on the neck, wrist and axilla. Pt2: yellowish papules on the neck. Pt3: 

yellowish papules on the neck and groin. Pt4: coalescing yellowish plaques on the neck, 

papules on the wrist and redundant skin folds in the axilla. Pt5: yellowish papules on the 

neck and redundant skin folds in the axilla.  
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Figure 3. Plasma inorganic pyrophosphate (PPi) levels of the PXE patients compared 

with age- and gender-matched healthy controls. Blood samples were collected and 

platelet-free plasma was prepared. a.) To determine plasma PPi levels of all included 

patients, first, PPi was converted to ATP by an enzymatic method, then ATP content was 

measured by a bioluminescent assay. Plasma PPi concentration was calculated based on 

calibration standards and corrected for initial plasma ATP concentration. b.) Plasma PPi 

levels in PXE vs control patients were compared using unpaired Student’s t test. *p < 

0.05. Pt, patient; Co, control  100 

3.1.2 Histopathologic examination 

We found the epidermis, the papillary dermis and the deep dermis to be morphologically 

normal both in controls and PXE patients. However, we found marked alterations in the 

mid-dermis of PXE patients.  H&E staining displayed polymorphous, shredded elastic 

fibers and fibroblasts (Figure 4). WE staining showed irregular, clumped and mineralized 

elastic fibers. With VK staining, mid-dermal mineral deposits and calcified elastin fiber 

fragments were revealed. Lastly, VG staining showed disrupted collagen fibers oriented 

around the calcium deposits. All these features were absent in healthy controls.  
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Figure 4. Representative histology images of the mid-dermis of healthy and PXE-

affected skin, stained with hematoxylin and eosin (H&E), Weigert’s elastic (WE), von 

Kossa (VK), and Van Gieson’s (VG) stains. Red arrows, fibroblasts; black arrows, elastic 

fibers. Scale bars display 200 μm. Pt, patient  100 

3.1.3 Nonlinear optical microscope imaging 

Two-channel NLO microscope mosaic images of healthy and PXE-affected skin sections 

orthogonal to the skin surface are shown in Figure 5. Similarly to the histological findings, 

the epidermis, papillary dermis and deep dermis were unaffected in all patients. In healthy 

DOI:10.14753/SE.2023.2777



23 
 

controls, we saw intact elastic fiber network in the TPEF channel and interwoven collagen 

bundles in the SHG channel in the mid-dermis. On the contrary, mid-dermis of PXE 

patients consisted of discrete or confluent masses of calcium deposits, surrounded by 

mineralized, broadened and fragmented elastic fibers in the green TPEF channel (Figure 

5). The number of elastic fibers in the mid-dermis (see right panel of Figure 6a) in PXE 

patients was found to be significantly increased in PXE patients compared to controls 

(175.7 ± 79.49 vs 97.56 ± 29.30). Elastic fiber length was significantly lower in PXE, 

than in healthy subjects (59.49 ± 0.66 μm vs 91.64 ± 5.6 μm) (Figure 6b). We did not 

detect any calcification in controls. Although calcification was present in the mid-dermis 

of every PXE patient, we found a considerable variation in the outlined relative surface 

area of calcium deposits (see Figure 6c) among them. Relative surface area of 

calcification was compared with plasma PPi levels, but no correlation was found (data 

not shown). In the SHG channel of PXE skin sections, irregularly shaped collagen fibers 

were visible (see Figure 5). Analyzation of collagen fiber lenght and width with the CT-

FIRE software revealed significantly shorter collagen fiber length (67.99 ± 0.79 μm vs 

73.53 ± 1.04 μm) and fiber width (6.8 ± 0.06 μm vs 7.33 ± 0.07 μm) in PXE skin sections 

compared to controls (Figure 6d,e), although the difference in the absolute values is 

clinically not considerable.  

DOI:10.14753/SE.2023.2777



24 
 

 100 

DOI:10.14753/SE.2023.2777



25 
 

Figure 5. Two-photon excitation fluorescence (TPEF) and second-harmonic generation 

(SHG) images of PXE-affected and healthy skin sections orthogonal to the skin surface. 

TPEF signal (green) is mainly emitted by elastin and calcification in the dermis, although 

keratin also emits TPEF photons. SHG (magenta) displays the collagen network. Ti:Sa 

laser was operated at 800-nm excitation wavelength. 420 × 420 μm2 frames were captured 

along the x, y plane and assembled into mosaic images (a, b).  a) Control skin, b) skin 

sample from PXE patient 3. Representative areas from the mid-dermis indicated with 

white squares highlighted and magnified (α, β, γ, δ). α, β) healthy control, γ, δ) patient 3. 

Representative 300 × 300 μm2 images with higher magnification of the mid-dermis from 

patients 1, 2, 4 and 5(and c–j). c, d) patient 1, e, f) patient 2, g, h) patient 4, i, j) patient 5. 

White arrows, elastin fibers; blue arrows, collagen fibers; yellow arrows, calcium 

deposits. Scale bars display 500 μm for mosaic images and 100 μm for high magnification 

images 112. 
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Figure 6. Quantitative analysis of elastin, cacification and collagen in PXE patients and 

healthy controls. Number of elastin fibers was manually counted and their lenght was 

assessed in a semi-automated way in raw two-photon excitation fluorescence (TPEF) 

images from the mid-dermis of PXE patients and controls. Extent of calcification was 

estimated on TPEF images by manual outlining of the calcium deposits and a relative 

surface area was calculated. The ImageJ software was used for these operations. Collagen 

fiber lenght and width was analysed by the CT-FIRE software ran on raw second-

harmonic generation (SHG) images from the mid-dermis of PXE-affected and control 

skin. For all analysis, 10 representative field of views were included in each group. a) 

Number of elastin fibers in PXE vs control patients (mean ± SD 175.7 ± 79.49 μm vs 

106.8 ± 23.92 μm), b) length of elastin fibers in PXE vs control patients (59.49 ± 29.9 μm 

vs 91.64 ± 74.72 μm), c) relative calcification surface area in each PXE patient. Right 

panels show representative TPEF images from PXE samples for each parameter. 

Statistical analyses were carried out with the Mann-Whitney U test. e, f) Collagen fiber 

length (mean ± SD 67.99 ± 3.612 μm vs 73.53 ± 4.782 μm) (e) and width (6.797 ± 0.274 

μm vs 7.327 ± 0.325 μm) (f) were compared with Student’s t test after customized CT-

FIRE analysis of raw SHG images. Representative images of CT-FIRE v.13 (LOCI, 

University of Wisconsin – Madison, WI, USA) analysis of patient 1 and a healthy control. 

Scale bars display 100 μm. *p < 0.05  100 

3.2 II. Experiment 

3.2.1 Vectorial representation of nonlinear optical signals 

Gain-normalized nonlinear optical signal levels for each tissue component – collagen, 

elastin and calcification - in different detection channels is summarized in Table 4. for a 

PXE cryosection (left) and for the Phloxine B stained, deparaffinized sections (right). For 

the latter, data is expressed as mean and standard deviation. These normalized signal 

values were used to visualize optical emission spectra from the three examined tissue 

components in a 3D vectorial space.  

 

Table 4. Color vector values describing gain-normalized signal intensities of collagen, 

elastin and calcification in the PXE cryosection and Phloxine B stained PXE sections.  

Vectorial endpoint coordinates are determined by values in the three detection channels 
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supplied with bandpass filters 405/20 (magenta, SHG), 460/50 (cyan, TPEF) and 590/45 

(orange, TPEF), respectively. A detection channel is highlighted with its corresponding 

color, were highest nonlinear optical (SHG or TPEF) signal of the given compound was 

measured. Data is expressed as mean ± standard deviation for the Phloxine B stained PXE 

sections  101.  

 Fresh-frozen PXE cryosection Phloxine B stained PXE sections 

Detection 

channel 

(vector 

coordinate) 

Collagen Elastin Calcium 

deposits 

Collagen Elastin Calcium 

deposits 

405/20 nm 1,597 0,032 0,028 1,92±0,09 0,13±0,10 0,11±0,05 

460/50 nm 0,229 0,671 0,441 0,12±0,02 0,61±0,11 0,38±0,19 

590/45 nm 0,108 0,184 0,109 0,36±0,14 0,28±0,10 1,96±0,35 

 

As expected, collagen emitted a strong SHG signal that could be detected in the violet 

channel both in the cryosection and in the Phloxine B stained sections. On the other hand, 

collagen emitted low TPEF signal in the cyan and orange detection channels, both in case 

of the cryosection and Phloxine B stained sections. Elastin and calcification had an 

extremely low TPEF signal contribution to violet channel. However, both elastin and 

calcification exhibited a broad, overlapping emission spectrum from the cyan, over the 

green, to the orange (435-610 nm) spectral range in the fresh-frozen PXE section. Color 

vector representation of gain-normalized nonlinear optical signals revealed, that in the 

cryosection, direction of color vectors of elastin and calcification are nearly equivalent 

(see Figure 7, solid green and red vectors), which means that it is not possible to 

distinguish the TPEF signal of elastin and calcification. Similar observations were made 

for the green (525/50 nm) detection channel (data not shown). We also inspected a dark-

red filter (650/50 nm), where we could still detect elastin, but the signal level was too low 

for quality imaging. For calcification, no signal was detected in this spectral range (data 

not shown). Considerable differences were experienced in case of the Phloxine B stained, 

deparaffinized sections for elastin and calcification (see Figure 7, dashed green and red 

vectors). The color vector of elastin is still high in the cyan channel, but it exhibits a 

DOI:10.14753/SE.2023.2777



29 
 

considerable decrease in the orange channel. In opposition, color vector of calcification 

displayed a prominent shift towards the orange spectrum and its value considerably 

dropped in the cyan detection channel. 

 

 

 

Figure 7. Color vectors of gain-normalized nonlinear optical signals of collagen, elastin 

and calcification measured in three emission channels. Solid vectors indicate vector 

coordinates of PXE cryosection, dashed vectors refer to the mean of color vector 

coordinates of Phloxine B stained PXE sections. Vectorial endpoints correspond to values 

listed in Table 4. Colors codes: collagen (blue), elastin (green) and calcium deposits (red). 

Axis labels refer to central wavelengths of the applied bandpass filters before the NDD 

detectors  101.  

3.2.2 Emission filters for three-channel PXE measurements 

Based on our results from the previous section, an SHG (405/20 nm) filter was chosen 

for collagen detection, a cyan (460/50 nm) filter was applied for the NLM imaging of 
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elastin and an orange (590/45 nm) filter for calcification. As two detection channels are 

at disposal simultaneously in our imaging apparatus, two measurements were performed 

for each sample. First, we used a SHG paired with the orange filter and then a cyan 

bandpass filter paired with the orange filter. Exact spatial overlapping of the 

corresponding images were ensured with the orange images.  

3.2.3 Inverse matrix calculation and three-channel decomposition 

As mentioned earlier, we experienced that emission spectra of elastin and calcium 

deposits can not be separated in a four color (viola/cyan/green/orange) vectorial space in 

frozen PXE sections. However, the application of low concentration Phloxine B solution 

after the deparaffinization process evoked beneficial spectroscopic changes. TPEF signal 

of elastin remained most intensive in the cyan channel, whereas calcification exhibited an 

enlarged TPEF signal captured with the orange bandpass filter. As a consequence, elastic 

fibers and calcium deposits could be optically distinguished based on their TPEF spectra.  

Panel A of Figure 8. displays reference images that were analysed to determine inverse 

matrix coefficients. To demonstrate the calculation of the inverse matrix, coefficients 

from patient 2 are substituted into Eq. (1), so as to obtain a transfer matrix [A] for the 

Phloxine B stained PXE section (Eq. (2)), from which, an inverse matrix [A]−1 was 

derived (Eq. (3)). 

 

405( , ) 405, 405, 405, ( , )

460( , ) 460, 460, 460, ( , )

590( , ) 590, 590, 590, ( , )

x y Co E Ca Co x y

x y Co E Ca E x y

x y Co E Ca Ca x y

I a a a C

I a a a C

I a a a C

     
     

=
     
          

             (Eq.1) 

405( , )

460( , )

590( , )

0.991 0.066 0.044 1

0.215 0.808 0.221 1

0.136 0.176 0.997 1

x y

x y

x y

I

I

I

     
     

=
     
          

    (Eq.2) 

( , ) 405( , )

( , ) 460( , )

( , ) 590( , )

1.029 -0.078 -0.028

-0.247 1.318 -0.280

-0.097 -0.222 1.056

Co x y x y

E x y x y

Ca x y x y

C I

C I

C I

     
     

=
     
          

   (Eq.3) 

 

As reflected in the values of the inverse matrix, SHG signal of collagen is captured with 

a narrowband filter, which results in a minimal contribution of elastin and calcification 

TPEF to the SHG signal. Conversely, collagen emits low TPEF signal that emerges in the 
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cyan and orange channels too. Despite the considerable diversion of elastin and 

calcification color vector in case of Phloxine B stained sections, these two tissue 

components still emit wide TPEF spectra and contribute with relatively high coefficients 

to the other cyan or orange channels, respectively. Spectral decomposition executed as an 

image post-procession with the obtained inverse matrices enabled us to separate optical 

signals originating of the three tissue components. Crosstalk of overlapping emission 

spectra was substantially decreased. In the output images, colors refer to the actual 

chemical concentration of the given tissue component at each pixel. Individual channels 

of reference images after spatial decomposition and composite of references images 

before and after decomposition from patient 2 are shown in Figure 8A. Reference images 

before and after decomposition in patients 3-5 are displayed in Figure 8B. To achieve a 

different optical contrast, we applied an artificial blue, green, red (RGB) color coding to 

visualize collagen, elastin and calcification, respectively, that also highlighted co-

localization of calcium deposits and elastic fibers. 

DOI:10.14753/SE.2023.2777



32 
 

 

DOI:10.14753/SE.2023.2777



33 
 

 

 

Figure 8. Spectral decomposition of Phloxine B stained PXE sections. (A) First row: 

representative collagen-, elastin- and calcium deposit-rich areas, respectively, after 

spectral decomposition in patient 2 in their corresponding three emission channels 

(405/20 nm, 460/50 nm and 590/45 nm from top to bottom), respectively. Color 

intensities in these channels were modified based on the retrieved inverse matrix 

coefficients shown in Eq. 3. These images reveal the actual amounts of collagen, elastin 

and calcification present, respectively. Second row: Composite of three channels from 

the first column before (left) and after (middle) spectral decomposition and RGB color 

coding (right) after decomposition. (B) Composite images of one representative area from 

patient 3 (left column), patient 4 (middle column) and patient 5 (right column) 

unprocessed (top), after spectral decomposition (middle) using their corresponding 

inverse matrix coefficients and RGB color coding (bottom) after decomposition (red: 

calcification, green: elastin, blue: collagen). White arrow: collagen fibre, red arrow: 

elastic fibre, yellow arrow: calcium deposits. Reference image size is 132 x 132 μm2  101. 

3.2.4 NLM imaging and histopathology 

In three-color composite mosaic image of the fresh-frozen PXE from patient 1, elastin 

and calcification exhibit a homogenous light-green color (see Figure 9A), which is the 

addition of the cyan and orange colors emitted by both. Due to the similar color vectors 

of elastin and calcification in the PXE cryosection, spectral decomposition resulted in 

empty black areas in those locations occupied by elastin and mineral deposits, as a 

consequence of subtraction. Phloxine B stained PXE section from patient 2 without any 

post-procession is seen in Figure 9B. The effect of Phloxine B staining is explicit in the 

3D vectorial space and also in the raw images, where elastin and calcification can already 

be distinguished based on their color, although spectral overlap in their TPEF signal is 

still present. The outcome after spectral decomposition of composite image Figure 9B is 

displayed in Figure 9C. One can notice that spectral decomposition of this mosaic image 

enabled us to separate connective tissue fibers collagen and elastin, that compose the 

dermis predominantly. Furthermore, the optical contrast between TPEF signal of elastin 

and mineral deposits is substantially enhanced. Regions which are affected by 

calcification became clearly delineated. The epidermis and papillary dermis was not 
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affected in the NLM images. In the mid-dermis, elastic fibres were fragmented and 

clumped. Calcification revealed by the TPEForange channel affected extended areas in 

the mid-dermis and displaced shredded elastic fibers. Mineralized elastic fibres could also 

be observed. Finally, artificial red, green and blue colors were applied after spectral 

decomposition in order to reveal calcified elastic fibers (Figure 9D). With routine H&E 

staining of histopathology sections, the epidermis, the papillary and deep layers of the 

dermis was intact in all PXE patients. WE stain revealed shredded, polymorphous elastic 

fibers (Figure 9E). With VK staining, calcium deposits and calcified elastic fibers were 

displayed (Figure 9F). 
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Figure 9. Composite mosaic images of two-photon excitation fluorescence (TPEF) and 

second-harmonic generation (SHG) signal of PXE-affected skin cryosection, Phloxine B 

stained PXE section and corresponding histopathology images. PXE cryosection of 

patient 1 (A), Phloxine B stained, deparaffinized PXE skin sections of patient 2 (B-D) 

and histopathological sections from patient 2 (E-F). TPEF signals originating from elastin 

and calcium deposits were captured with a cyan (460/50 nm) and an orange (590/45 nm) 

emission filter, respectively. Collagen SHG signal was spectrally separated by a 405/20 

nm bandpass filter and displayed in magenta. Keratin in the epidermis has contribution to 

the orange, and to some extent, to the cyan channel. Individual field of views of 420 × 

420 μm2 were assembled into mosaic images (A-D). (A) Patient 1. Composite mosaic 

image of TPEFcyan, TPEForange and SHG signals in fresh-frozen PXE cryosection. (B-D) 

Patient 2. Composite mosaic images of a Phloxine B stained, deparaffinized PXE section. 

(B) Composite mosaic image of TPEFcyan, TPEForange and SHG signals. (C) Composite of 

TPEFcyan, TPEForange and SHG mosaic images after decomposition with inverse matrix 

described in Eq.3. (D) Artificial red, green and blue color coded mosaic image of the (C) 

composit image(red: calcification, green: elastin, blue: collagen). Scale bar displays 400 

μm. (E-F) Patient 2. Histolopathology images of the mid-dermis, stained with Weigert’s 

elastic (E) and von Kossa (F) staining. Scale bar displays 200 μm  101. 
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4. Discussion 

The complex nature of PXE determines the natural flow of the disease and influences the 

risk of the individual patient to develop multiorgan disfunction. Several genotypic 

alterations including causal gene mutations, functional polymorphisms, small effect 

variants, together with methylation patterns, miRNAs, epigenetic and environmental 

factors lead to the diverse phenotypic appearance of PXE. Studies that attempt to give 

insights into the natural history of PXE are scarce 102. Although pathogenetic factors that 

accurately determine the disease severity are yet to be identified, parameters that show 

correlation with the overall clinical status of the patients are now pointed out. These 

parameters could be used in the future in personalized medicine, to predict the 

complications of the individual patient at the time of diagnosis and manage them 

according to their specific risk profile  103. 18F-NaF and 18F-FDG uptake, plasma PPi 

level, inflammatory markers, the number of affected skin sites, Phenodex score and 

ABCC6 variants were all investigated as potential biomarkers of disease activity and 

severity, but their clinical relevance is limited  90, 104, 105, 106. Among the above-mentioned 

factors, plasma PPi levels were reported to be about 50% lower in PXE patients than in 

healthy controls  82, 107. When we looked at this parameter, a marked decrease was found; 

that is in line with data from the literature  108. One must note, however, that the normal 

value in healthy individuals falls into a wide range 109. Also, different techniques have 

been proposed in the literature to measure PPi level, and the lack of standardized methods 

yet hampers the rationale of its application in the daily clinical routine.  

Given the huge heterogeneity of the symptoms and their temporal onset, the diagnosis 

often comes delayed, to be only made after an irreversible organ damage. This highlights 

why early diagnosis is important and complex multidisciplinary care needs to be initiated 

for patients. As subtle skin alterations are usually the first signs of PXE, the responsibility 

of dermatologists is great. A thorough clinical assessment together with a properly made 

skin biopsy are the cornerstone of finding patients affected by PXE  110. Even though the 

dermatological examination is the key diagnostic criterion,  an ophthalmologic 

assessment may further support the possibility of PXE.  Currently, conventional 

histopathological examination of the skin is the widely applied objective method for the 

diagnosis of PXE  86. Therefore, there is an emerging need for alternatives to conventional 

histopathological analysis.  
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Although skin is an organ easy to investigate, there are only a few reports on noninvasive 

assessment of skin calcification. Dermoscopic features of PXE have been described. 

These include intertwined yellowish-white clumps on background of light purple-red 

color, along with subtle reticulated vessels  111. Despite the fact the most common 

noninvasive imaging technique is dermoscopy, it has its limitations as it only allows 

insights into the surface of the skin, so calcium deposits cannot be visualized  112. Other 

imaging modalities have been tested in the diagnostic algorithm of PXE. Total body high-

resolution CT scan is able to show intradermal thickening and calcification in the medial 

layer of vasculature, if the degree of atherosclerotic is great enough  113. Radiology 

findings include small cutaneous calcium deposits, calcified vessels, atherosclerotic 

plaques, irregularity and narrowing of the vessels  114.  However, no in vivo tool with 

definitive diagnostic power is available so far.  

There are some reports on OCT imaging of PXE skin. OCT uses near-infrared light and 

converts reflectance properties of tissues into greyscale images. The imaging depth of 

OCT ranges between 1-2 mm. The first case-report found hyporeflective dermal 

aggregates with peripheral clefts  115. Another case report showed hyporeflective areas in 

the mid-dermis and a more superficial signal loss in lax skin areas compared to normal 

skin  112. High-frequency ultrasound (HFUS) operating at 20 MHz was found to yield 

sufficient resolution and so can be used to in the diagnosis of PXE. In a cohort of PXE 

patients, a characteristic HFUS pattern of PXE skin was successfully determined. This 

includes focal hypoechoic structures that were also present in areas where no cutaneous 

changes could be observed with other ways of evaluation 116. RCM has not been used for 

the imaging of  PXE affected skin so far, although we have data on perforating PXE, 

where at the areas of transepidermal elimination of disorganized elastic fibers in the 

papillary dermis appeared as hyperreflective material, and crossection of mineralized 

elastic fibers resembled as eggs in a basket  117. 

In the literature, there is only one study to report the ex vivo application of NLM in PXE. 

SHG and autofluorescence were detected in formalin-fixed PXE skin sections from one 

single PXE patient. The authors described fragmented elasic fibres with diminished 

autofluorescence properties. On important shortcoming is that they could not detect 

calcification with that NLM setup  118. Recently, the first and yet the only report on in 

vivo application of NLM imaging of PXE-affected skin was published. The 
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aforementioned MPTflex multiphoton microscopy tomography device was used in this 

study. The reported imaging depth was 30 μm below the dermoepidermal junction, to 

reach the upper part of the reticular dermis. In this work shredded and polymorphous 

elastic fibres were detected, however, this imaging depth was not sufficient to reveal 

mineral deposition.  RCM was also tested during this experiment, but they could not 

demonstrate the findings reported previously  112.  

Until now, we lacked imaging modalities which could be used not only as a diagnostic 

tool, but also as a screening tool although screening is vital in order to estimate their risk 

if systemic organ involvement that will likely to develop and to follow-up patients during 

treatment. The investigation of ectopic calcification in the skin might fulfill these needs. 

During conventional histopathology, mineralization is revealed by staining, but light 

microscopy images are not suitable for further objective quantitative analysis. Moreover, 

the effectivity and specificity of von Kossa and Weigert’s elastic stainings to detect 

calcification are often disputed  119, 120. Although in publications in the literature skin 

calcification could not been detected with NLM, cardiovascular research proved the 

applicability of this technique in the visualization of mineralization. There are several 

studies, where TPEF was suitable to detect calcium deposition in arterial walls and to 

follow the growth of calcified nodules in aortic valves ex vivo  121, 122. 

In our work, we examined two small cohorts of PXE patients with nonlinear optical 

microscopy to examine skin calcification. First, we set out to address whether NLO 

modalities are able to visualize dermal features of PXE in ex vivo skin samples. In the 

first experiment, we managed to detect mid-dermal calcification and detrimental changes 

in the elastic fibres. We could also visualize calcified elastic fibres, a hallmark of PXE. 

These changes were detected by capturing TPEF signal emitted by the calcified elastic 

fibres. Also, the extent of mineralization, number and length of elastic fibres were 

calculated in a semi-quantitative way. Although both elastin and calcification were 

detected with one bandpass filter, submicron resolution of the images enabled 

confidential distinction based on differences in their morphology. The extent of 

calcification showed high variability among PXE patients. The number of elastic fibres 

was significantly higher, whereas fibre length was significantly lower in PXE patients, 

compared to healthy controls as expected, due to fibre fragmentation  94. The introduced 

numerical analyses of dermal alterations may be utilized in the future as part of a 
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standardized protocol. Although SHG imaging of collagen is considered to be highly 

specific and provides higher resolution, the differences we found in collagen fibre length 

and width are clinically nonsignificant. Given the fact that collagen fibre alterations are 

aspecific in PXE, we do not advise include this in any diagnostic protocols. 

We also investigated the relationship of measured plasma PPi levels and mid-dermal 

calcification. Although no correlation was found, this might be explained with the small 

sample size, or due to other factors that have not been taken into consideration – such as 

the age of the patients or environmental factors. Thus, the applicability of PPi as a 

potential biomarker of disease activity or severity may not be contradicted.  

Our results confirmed that ex vivo NLM is able to visualize characteristic changes of the 

mid-dermis in PXE-affected skin in formalin fixed, paraffin embedded, deparaffinized 

sections. Based on our findings, NLM visualized the similar features of PXE, that are 

revealed by conventional histopathological examination during routine diagnostic 

procedures. Furthermore, we provided high-resolution imaging of these specific 

alterations of PXE-affected skin. This is especially important when we consider the fact 

that histological alterations in PXE are present in macroscopically intact skin areas, and 

also in patients who lack skin signs  95. Importantly, these subtle alterations are early 

diagnostic signs of PXE, and they often precede the damage of other organs  86. As we 

were able to detect calcium deposits and all histopathological features could be visualized, 

we believe that our experimental setup is superior to others found in the literature. In 

practice, NLM images reach a depth of ~200 μm when using a Ti:sa laser for 2P excitation  

112.  We have tried to make z-stack imaging on frozen PXE skin biopsies to find that our 

imaging depth of ~200 micron is not suitable for in vivo imaging of calcification since it 

is located ~400 micron or more below the skin surface.  However, our results indicate the 

possibility of an easy ex vivo diagnostic method by stain-free laser-scanning NLM 

imaging. 

Although histopathological hallmarks of PXE were identified on two-channel NLO 

images of stain free skin sections orthogonal to the skin surface, elastin and calcification 

were detected with the same green (525/50 nm) bandpass filter and their differentiation 

was made solely based on their morphology. This might be challenging for a non-expert 

eye. The above-mentioned studies in the literature did not apply different bandpass filters 

to detect calcification, either. Thus, there is an emerging need for optical differentiation 
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of elastin and calcium deposits with NLM. This method, if the goal is achieved, could be 

later utilized to differentiate PXE from PXE-like diseases or in the diagnosis of other 

diseases with cutaneous calcification. Also, quantitative assessment of the calcification 

could serve as a biomarker to describe the clinical status of patients.  

In our second experiment, we investigated nonlinear optical signal properties of collagen, 

elastin and calcification, the main tissue changes in the dermis in PXE affected skin with 

three different bandpass filters, that best matched their emission spectra. In case of fresh-

frozen cryosection of PXE– and similarly in case of unstained, deparaffinized sections - 

we found a broad, overlapping emission spectra that arises from elastin and calcification. 

Similar results were previously described in the literature  123. Characterization of their 

emission spectra with gain-normalized signal intensity vectors suggested, that the optical 

distinction of elastin and mineralization is not possible. In the literature, fluorescent 

properties of histological stains are reported. Recently, eosin was used to stain PXE skin 

sections and their fluorescent properties were examined 124. We applied a low 

concentration Phloxine B staining after the deparaffinization process, to avoid intense 

TPEF emission, that would oppress NLO signal arising from other tissue components. 

Upon this artificial staining, we observed, that emission spectra of elastin and 

calcification diverged, and their TPEF signal could be measured with different bandpass 

filters. Thus, it became possible to optically separate these two components of the dermis 

by laser scanning nonlinear optical microscopy. Also, low concentration stain means low 

absorption of the laser beam, so tissue damage was avoided. Mineral deposits in PXE-

affected skin mainly consist of calcium hydroxyapatite and calcium hydrogen phosphate. 

Calcification was previously described to exhibit TPEF signal, and its spectrum highly 

overlaps with elastin emission spectrum  123. According to recent spectroscopic studies, 

pure calcium hydroxyapatite does not absorb, nor emit fluorescent light, which is in 

accordance with its physical characteristics, that it is a white material  125. Findings from 

our experiments regarding the indistinguishable fluorescent spectra of elastin and calcium 

deposits if no contrast agent is applied, is supported by these spectroscopic data. As in 

PXE calcium is deposited within and around the elastic fibres, it is probable, that 

fluorescence signal of mineral deposits arises from the remnants of elastin in them. Thus, 

fluorescent properties of calcification in PXE exhibits similar – if not the same – 

fluorescence absorption and emission properties as elastin, that is consistent with our 
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findings. In our second experiment however, we found that Phloxine B strongly stained 

calcification, spectrally shifted, and increased its TPEF signal in the orange spectrum. 

Phloxine B is a derivative of fluorescein, a naturally occurring stain. It is a red acid dye, 

and binds to acidophilic tissue components that are positively charged  126. Calcium is a 

strong base ion, therefore it binds Phloxine B. Phloxine B is used similarly as eosin, 

together with hematoxylin as part of the routine histopathological examination, as their 

chemical properties are similar  126, 127. The application of low concentration eosin 

staining after deparaffinization may lead to similar results, nonetheless this needs further 

investigation. In our experiments, we found Phloxine B to be applicable to create optical 

contrast between TPEF signal elastin and calcification. Consequently, we managed to 

create a contrast between their emitted TPEF signal in Phloxine B stained PXE sections 

with NLM, although we still experienced an overlap. To create images suitable for 

quantitative analysis, further characterization of these signals is necessary, that may 

involve mathematical approaches. Neher et al. introduced a nonnegative matrix 

factorization algorithm to detect and separate the signal of multiply labelled fluorescence 

images  68. Three-component decomposition (or unmixing) was already used in SRS 

microscopy  128. There have been previous efforts to distinguish NLO signal of 

calcification in other clinical contexts. Gade et al. developed a methodology for 

simultaneous detection of collagen, elastin and calcification using multiphoton 

microscopy. Calcification in this experiment was marked with a red fluorescent tracer  122. 

Baugh et al. studied calcified aortic valve and distinguished mineralization associated 

fluorescence from that of collagen, by capturing the entire TPEF emission spectra and 

decomposing it into two components using spectral un-mixing through non-negative 

matrix factorization  121.  In order to enhance the optical contrast in our second 

experiment, we developed an inverse matrix-based algorithm to carry out spectral 

decomposition. Thereby, we were able to create three-color mosaic images, where the 

different colors indicate the presence and the actual concentration of collagen, elastin and 

calcification in PXE-affected skin. These images with spectrally separated signals have 

also clearly shown histological features of PXE. Furthermore, we noticed, that NLM 

images are sharper, and fine alterations, such as the structure of calcium deposits and 

disruption of elastic fibers are visualized with greater detail, in comparison to standard 

histopathology, where the images become blurrier at high magnifications and the 
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differentiation of the tissue components are more challenging. Moreover, in contrast to 

histopathology, spatial separation of elastin and calcification became possible based on 

their optical signal with NLM. An incremental advantage of our method is that it is 

suitable for quantitative analysis of mid-dermal calcium deposition, the pattern of 

calcification or the extent of elastic fibre fragmentation.  

 

Our results contribute to a field less developed both from dermatological and optical 

aspect. The application of NLM in PXE opens new possibilities in the diagnosis and 

follow-up of PXE patients. As for now, NLM techniques allow a penetration depth of 200 

μm below the skin surface, which is the level of the papillary dermis, detection of calcium 

deposits is rather challenging if not possible, as we mentioned earlier. Although in our 

experiments we applied ex vivo NLM, non-invasive laser-scanning imaging is expected 

to be available in the future, as the imaging depth of NLM is improving.   129. If 

penetration depth of NLM can be increased to ~400-500 μm in the future, creating 2D 

„optical biopsies” parallel with the skin surface could become an alternative to skin 

biopsy and conventional histopathology which would decrease the disease burden for 

patients, especially in the case of rare diseases, where patients usually wait for their 

diagnosis for a prolonged time. Besides, transmission of the laser beam through optical 

fibers into handheld devices that are capable of NLM imaging would be a convenient tool 

for clinicians in the future for in vivo bedside diagnosis and management of PXE patients, 

although further studies are needed  130. Biomarkers that indicate disease severity may 

also be discovered. In the future, NLM could also be used to monitor treatment response 

in PXE, however the relationship of skin calcification and the overall severity of PXE is 

yet to be unraveled. As a wide variety of therapeutic options awaits including gene-

therapy  131, there is be an increasing need for new modalities to monitor therapeutic 

efficacy. The role of NLM may also arise in the future to investigate other diseases with 

ectopic calcification.  
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5. Conclusions 

5.1 I. Experiment: application of ex vivo TPEF and SHG techniques for the 

examination PXE-affected skin and its differentiation from healthy skin 

• To the best of our knowledge, we were the first in the literature, who successfully 

applied nonlinear optical microscopy methods in PXE patients to identify 

pathological skin alterations, including calcification in skin sections orthogonal to 

the skin surface. TPEF was able to visualize not just fragmentation of the elastic 

fibers, but calcium deposits and mineralized elastic fibers were also visible in 

PXE-affected skin. These detrimental changes were absent from the skin of 

healthy individuals, as expected. As we applied one bandpass filter to capture 

TPEF signal, we distinguished elastin from calcium deposits based on their 

morphology. SHG, revealed clear morphology of collagen bundles. Our results 

were compared and validated by conventional histopathological stains, such as 

H&E, WE, VG and VK stains. Thus, we concluded that nonlinear optical 

microscopy modalities are suitable to detect connective tissue alterations and 

calcification present in PXE-affected skin.  

• We introduced numerical methods for quantitative and semi-quantitative analysis 

of PXE specific mid-dermal alterations. We found significantly shorter and higher 

number of elastic fibres in PXE patients. Although calcification was absent from 

healthy skin, its relative surface area varied considerably among PXE patients. 

Collagen fibre length and width was significantly lower in PXE patients, although 

the difference in these parameters was not considerable.  

• Plasma concentration of PPi, a potent inhibitor of mineralization was significantly 

reduced in PXE patients compared to healthy individuals. In our cohort, PPi did 

not correlate with the extent of mid-dermal calcium deposition, although other 

modifying parameters, such as the age of the patients or environmental factors 

have not been taken into consideration.  

• Based on our experiments, ex vivo nonlinear optical microscopy was validated as 

a tool to identify characteristic histopathological alterations in PXE-affected skin 

in a label-free manner with high resolution. This method might be used in the 

future in the diagnosis of PXE or to assess skin status of PXE patients. Further 
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studies are necessitated to determine, if nonlinear microscopy assessment of PXE-

affected skin might be used to predict clinical outcome of the disease.  

5.2 II. Experiment: High-chemical contrast imaging of PXE-affected skin with ex 

vivo TPEF and SHG techniques  

• In our experiments, we created optical contrast between the emitted TPEF signal 

of elastin and calcification by the application of Phloxine B stain after the 

deparaffinization process. This was an indispensable step towards the spectral 

separation of the TPEF signal emitted by elastin and calcification. 

• We captured the emitted TPEF and SHG signals of collagen, elastin and 

calcification by three different bandpass filters. We determined the contribution 

of these three tissue components to TPEF and SHG signals intensities at each 

detection channel and carried out spectral unmixing of their overlapping emission 

spectra. With the applied image procession algorithm, we could considerably 

increase chemical selectivity and the created three-color mosaic images reflect 

actual concentration of the dermal tissue components.  

• Our results bear incremental benefits compared to conventional histopathology 

since spectrally unmixed NLM images can be directly used to carry out 

quantitative analysis on the extent of mid-dermal calcium deposition or to 

examine the pattern of calcification. Furthermore, fine alterations to elastic fibers 

could be better identified due to higher chemical selectivity and higher spatial 

resolution of NLM. In the future, three-channel imaging and spectral unmixing of 

ex vivo deparaffinized PXE skin samples may be used for quantitative analysis 

during the diagnostics or monitoring of patients. This method could be utilized 

also in case of other diseases with ectopic calcification. 
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6. Summary 

 

The medical application of nonlinear optical imaging was a milestone in the expanding 

field of noninvasive medical imaging. A turning point in the history of nonlinear optical 

microscopy (NLM) began in the 2000s, when the first commercially available device was 

launched. Since then, application of NLM is a subject of continuous research. NLM is a 

promising imaging modality also in dermatology, as it offers the investigation of skin 

cancers, inflammatory conditions, or even hereditary skin diseases.  

Pseudoxanthoma elasticum (PXE) is a rare, multisystemic disease with autosomal 

recessive inheritance. During our experiments, we carried out two-photon emission 

fluorescence (TPEF) and second harmonic generation (SHG) imaging on ex vivo skin 

sections of PXE patients and healthy controls. We identified histopathological hallmarks 

of PXE, such as fragmented and mineralized elastic fibers and mid-dermal calcium 

deposition in the PXE samples, which features were absent from healthy skin. We 

introduced semiquantitative analysis to assess elastic fibers and calcification. Elastic fibre 

length and number showed significant differences compared to healthy skin. The area 

affected by calcification varied among PXE patients. Plasma inorganic pyrophosphate 

concentration was also measured in all patients.  

In our second experiment, we applied Phloxine B staining after the deparaffinization 

process to create a strong optical contrast between the TPEF signal of elastin and 

calcification. We introduced an inverse matrix based mathematical approach, so that the 

NLO signal of elastin calcification and collagen could be spectrally separated. Thus, we 

created three-color mosaic images, where colors indicate the presence and represent the 

actual concentration of the given substance. This algorithm enables the objective 

morphological assessment and quantitative analysis of PXE skin sections, that is not 

feasible in feasible in standard hematoxylin and eosin-stained histology sections.  

These results could be exploited in the future gain deeper insight in the pathogenesis of 

PXE or to find cutaneous biomarkers that determine disease severity. Further 

development of the laser setup is necessary for the in vivo application of the presented 

methods, so that NLM can be used to diagnose or monitor PXE through the skin.   
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