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List of Abbreviations

ABC ATP-binding cassette
ABCC6 ATP-binding cassette protein, family C, number 6

ABI Ankle-brachial index

Al Artificial intelligence

AF Autofluorescence/autofluorescent
AS Angioid streaks

A.U. Acrbitrary units

BM Bruch's membrane

BMP2 Bone morphogenetic protein 2

C Cardiac

CA Calcification area

CD Calcification density

CARS Coherent anti-Stokes Raman scattering
CNN Convolutional neural network
CNV Choroidal neovascularization

CS Total calcification score

DR Diffuse reflectance

DS Dermoscopy

E Eye

ECG Electrocardiography

ENPP1 Ectonucleotide pyrophosphatase/phosphodiesterase 1
FOV Field of view

G Green wavelength band

GGCX Gamma-glutamyl carboxylase

Gl Gastrointestinal

HFUS High-frequency ultrasound

ICAH Internal carotid artery hypoplasia
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IMT Intima-media thickness

IR Infrared wavelength band
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MRP6 Multidrug resistance associated protein-6
MSI Multispectral imaging
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NIR Near-infrared

NLM Nonlinear microscopy

NMSC Non-melanoma skin cancer
OCT Optical coherence tomography
PAD Peripheral artery disease

PDE Papillary dermal elastolysis

PET-CT Positron emission tomography-computed tomography

PTC Premature termination codon

PXE Pseudoxanthoma elasticum

R Red wavelength band

RCM Reflectance confocal microscopy
ROI Regions of interests

RPE Retinal pigment epithelium

S Skin

SHG Second-harmonic generation

SLEB Subepidermal low echogenic band
SRS Stimulated Raman scattering
TGF-p Transforming growth factor

THG Third-harmonic generation

TIA Transient ischemic attack

TNAP Tissue nonspecific alkaline phosphatase
TNF-a Tumor necrosis factor a

TPEF Two-photon excitation fluorescence
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1. Introduction

1.1 Imaging techniques in dermatology

The utilization of imaging modalities in dermatology has emerged as an essential part of clinical
care in the diagnosis and management of various skin disorders [1,2]. Imaging modalities
facilitate the visualization of cutaneous and subcutaneous structures, thus leading to more
accurate diagnoses, superior treatment planning, and improved monitoring of disease
progression. Considering the clinical application of imaging methods, crucial features
encompass portability, bedside feasibility, user-friendliness, time efficiency, noninvasive, high-
resolution imaging, real-time output, and cost-effectiveness. With the use of novel imaging
devices, skin biopsy would be required less frequently and - in addition to dermoscopic images

- additional information could be obtained [3,4].

1.1.1 Dermoscopy

Dermoscopy (DS) is a widely used handheld device in the field of dermatology. DS is an
epiluminescence microscope with 10x magnification, that can be used to visualize characteristic
features of the epidermis and superficial papillary dermis.

DS can be used with non-polarized mode which allows better visualization of certain superficial
structures, such as milia-like cysts in seborrhoeic keratosis, or with polarized mode which
allows visualization of deeper vascular structures.

In addition to its use in the diagnostics of melanocytic lesions, DS has been used to examine a
wide range of skin diseases of various etiologies, including genodermatoses [5].
Videodermoscopy can capture images in high resolution and store images of skin lesions for
detailed analysis and comparison over time. The high magnification capabilities provide

advantages beyond improved visualization, as it is a valuable tool for educational purposes [6].



1.1.2 High-frequency ultrasound (HFUS)

In dermatological practice, multi-frequency ultrasound scanning methods (ranging from 15-22
MHz) with linear or hockey stick transducers are frequently utilized. These techniques, such as
real-time ultrasound, fine flow, color Doppler, and shear wave tissue elastography can provide
highly precise descriptions of skin morphology [3].

Application of these techniques is clinically useful in both malignant and benign skin lesions.
In case of malignant melanoma, the Breslow tumor thickness can be predicted by HFUS, thus
the pre-operative US scanning can determine the surgical margins [7]. Previous studies have
shown that in many cases, skin tumor thickness can be assessed using ultrasound with a
resolution of 10-20 Mhz, which is widely available [8]. In the case of basal cell carcinoma,
HFUS allows the differentiation of several subtypes [9]. In cutaneous lymphoma, ultrasound
technique has an important role in diagnosis and follow-up. In many connective tissue diseases,
such as scleroderma or systemic lupus erythematosus, the fibrotic tissue can be analyzed by
ultrasound elastography (UE) [10]. Inflammatory skin diseases (e.g., atopic dermatisis,
psoriasis) show characteristic HFUS morphology: hypoechogenic band is seen in the
subepidermal area (SLEB =subepidermal low echogenic band), and colour Doppler shows
increased blood flow. Skin HFUS examination is recommended in hidradenitis suppurativa to

confirm the diagnosis, determine the clinical stage and monitor the efficacy of therapy [11].

1.1.3 Optical coherence tomography (OCT)

The first study about optical coherence tomography used in skin diseases was reported in the
late 1990s [12].

OCT uses infrared (IR) or near-infrared (NIR) radiation, which allows higher resolution (3 um),
but the captured area and depth are less than in ultrasound images. In addition to cross-sectional
images, novel OCT equipment can acquire horizontal and 3D images as well. It provides 2 mm
penetration; thus, epidermis and dermis can be examined. OCT can be used for the diagnosis
of melanoma and non-melanoma skin cancer (NMSC) and can assist in preoperative planning
of surgical margins [13,14]. OCT has also been successfully used to investigate nail diseases
(nail psoriasis and onychomycosis), inflammatory skin diseases (contact dermatitis and

seborrhoeic dermatitis), autoimmune blistering skin diseases, vascular lesions (nevus flammeus



and hemangioma), acne and rosacea, and skin lesions associated with fibrosis (systemic

sclerosis and scars) [15,16].

1.1.4 Confocal microscopy

The in vivo confocal microscope which is utilized in dermatology is the reflectance mode
confocal microscopy (RCM) device, using a NIR laser light of 830 nm wavelength and a power
of less than 15 mW. The obtained images display in grey-scale, horizontal dimension of
epidermis and papillary dermis. The images can be acquired in small fields of view, usually 0.5
x 0.5 mm?, and then merged into mosaic images to provide a view of up to 8 x 8 mm2. RCM
provides cellular resolution (0.5-1.0 pum) and is therefore suitable for visualizing the
histological structures of skin lesions [17,18].

The main indications for the use of RCM is the in vivo diagnosis of various skin cancers and
inflammatory skin diseases (e.g., psoriasis, lupus erythematosus and contact dermatitis). In case
of uncertain clinical and dermoscopic diagnoses, RCM is recommended to improve diagnostic
accuracy. It can play an important role in the presurgical estimation of skin tumors margins,

can be used to detect recurrent cancers and to monitor efficacy of topical therapies.

However, RCM technique is limited by the fact that it does not allow imaging deeper than 200
um, the cost of the microscope is very high compared to dermoscopy and it is time consuming.
The penetration depth is limited by significant hyperkeratosis, erosion or ulceration and in many
cases vascular structures cannot be visualized as they are located too deep. The localization
(e.g., palm, sole, not accessible area), and shape (nodular) of the lesions cause difficulties during
the examination. [18]. Compared to RCM, OCT equipment can display a larger field of view,
provide deeper tissue penetration and have a 3D mode [19].

1.1.5 Multiphoton microscopy (MPM)

In MPM, also known as nonlinear microscopy (NLM), two or more photons excite the
molecules. Fluorophores are excited by two or more photons of low energy in the near-infrared
spectrum. Ultrashort pulsed laser sources are required to generate NLM signal. Laser intensities

are concentrated in time and space: with the use of femtosecond lasers, the laser beams are



focused into a volume of approximately 1 um? in size. As a result, molecules outside this
volume are not excited [20].

NLM techniques can be grouped according to the number of laser beams used. One laser beam
is needed for two-photon excitation fluorescence (TPEF), second-harmonic generation (SHG)
and third-harmonic generation (THG) excitation. Two laser beams are required for the
modalities of coherent anti-Stokes Raman scattering (CARS) and stimulated Raman scattering
(SRS) [21,22].

While conventional microscopy achieves a penetration depth of about 100 um due to high
scattering, NLM techniques may provide a maximum depth of 400-500 pm [23].

One of its main advantages is the ability to scan the skin without staining, providing noninvasive
visualization and high-resolution images of the skin [24,25].

The skin is an excellent target for NLM techniques, providing detailed morphological
information about its main components, such as endogenous fluorophores/protein structures
such as NAD(P)H, flavins, keratin, collagen, elastin, porphyrins, and melanin, which give high
signal when using NLM [21,26].

NLM has been previously utilized ex vivo and in vivo in mice to investigate the effects of obesity
on dermal tissues, various types of diet-induced obesity and connective tissue changes after
physical exercise [27-29].

In human, it has been previously utilized ex vivo for the imaging of malignant skin tumors
[30,31], and rare inherited skin disorders (e.g., Fabry disease [32], keratinopathic ichthyosis [33],
Ehlers -Danlos syndrome [34] and PXE [35]).



1.2 Pseudoxanthoma elasticum (PXE)

Pseudoxanthoma elasticum (PXE, OMIM#264800, ORPHA:758) is a rare, multisystemic
disorder which belongs to the inherited connective tissue diseases, notably to the
elastinopathies. Characteristics skin symptoms were observed in 1881 by D. Rigal, and 15 years
later F-J [36,37]. Darier coined the term pseudoxanthoma elasticum. In 1992, E. E. Gronblad
ophtalmologist and J. V. Strandberg dermatologist revealed the association between the skin
and ocular manifestations, therefore PXE is also known as Gronblad-Strandberg syndrome
[38,39].

1.2.1 Epidemiology

The estimated prevalence of PXE is between 1:25.000 and 1:50.000, with a predominance of
female patients (female to male ratio of 2:1) [40]. Regarding the worldwide epidemiological
data, there are ~200-400 PXE patients in Hungary [41]. It was observed that the cutaneous
involvement was more severe among female patients, while the cardiovascular complications

are more common among the male patients [42].

1.2.2 Etiology and pathophysiology

PXE is an autosomal recessive inherited connective tissue disorder. In 2000, it was proven that
PXE is caused by mutations in the ABCC6 (ATP-binding cassette protein, family C, number 6)
gene, which encodes the C6 subunit of the human ABC (ATP-binding cassette) transporter,
also known as the MRP6 (Multidrug resistance associated protein-6) [43]. The ABCC6 gene is
located on chromosome 16p13.11, which consists of 31 exons. It is mainly encountered in the
liver on the basolateral surface of hepatocytes and in the kidney, but it also occurs in small
amounts in the connective tissue of the skin, retina and blood vessels. To date, more than 350
pathogenic variants have been identified in the ABCC6 gene that leads to PXE [44]. Nonsense,
missense mutations, deletions, insertions and splice-site mutations were also detected. The two
most common mutations are the p.R1141X nonsense mutation, which occurs in ~30% of PXE
patients and the mutation in exons 23-29 deletion (EX23_29del), which was detected in 20%
of the American population and 12% in Europe. In Hungary, the p.R1141X mutation has a 30%

prevalence in PXE patients [35], which, based on literature data, is considered an increased risk
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factor for cardiovascular manifestations and increases the risk of developing early coronary
disease [45,46]. The severity of ocular and vascular manifestations increases with the degree of
loss of ABCC6 gene function. In cases with complete loss of function, the risk of retinal
bleeding is high, and severe claudication requiring vascular surgery may also develop [42].
The role of the ABCC6 transporter has not been completely described. Since, its expression is
very low in tissues affected by PXE, it was assumed that ABCC6 expressed in the liver being
responsible for the peripheral tissue involvement, as hepatocytes produce 60% of inorganic
pyrophosphate (PPi), which is an important antimineralization factor. Mutations in
the ABCC6 gene lead to decreased ATP release in the hepatocytes, hence the serum level of PPi
will be lower. Therefore, deposits of calcium salts (calcium hydroxyapatite, calcium hydrogen
phosphate) develop in the skin, in the eyes and in the cardiovascular system [47,48].

The reduced PPi level is not the only factor responsible for the connective tissue alterations
characteristic of the disease. The altered expression of TGF-p and BMP2 (bone morphogenetic
protein 2) and its effect on signaling pathways, the fact that TNF-a and IFN-y reduce ABCC6
promoter activity, and the role of proinflammatory cytokines as mediators of vascular
calcification are also being investigated [49,50].

In addition to the ABCC6 gene, ENPP1 (Ectonucleotide Pyrophosphatase/Phosphodiesterase 1)
and GGCX (gamma-glutamyl carboxylase) mutations can also cause similar phenotypes to
PXE. Because of the remarkable resemblance to PXE, it is called PXE-like disease (OMIM
610842).

Furthermore, modifier genes can affect the metabolism of plasma PPi and play a role in ectopic
mineralization [51]. Expanding the knowledge of the genetic and molecular complexity can lead
us one step closer to understanding the phenotypic variability of PXE. By identifying the

modifier genes, we may be able to more accurately estimate the progression of the disease.

1.2.3 Clinical findings

PXE shows clinically heterogenous symptoms. The severity of the diseases, the involvement of
the organs, the extension and progression of the symptoms, and the age of onset display
individual variability. Pathological changes primarily affect the skin, eyes and cardiovascular

system. In rare cases, gastrointestinal bleeding and kidney involvement may also develop.
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1.2.4 Cutaneous manifestations

The first lesions appear on the skin as small, 1-5 mm yellow papules and plaques (which may
mimic xanthomas) on the predilection area, most frequently on the neck or on the flexural areas
such as on the axillar region, on the wrist, on the inguinal area or on the popliteal regions, but
it can affect the periumbilical region as well (Figure 1). In rare cases, these symptoms can also
occur on the mucous membrane of the mouth, vagina and rectum. Later, the papules coalesce
into plaques and the lesions affect an increasingly larger skin area and continue to develop on
several skin sites. As a consequence of the fragmented elastic fibers, the skin loses its elasticity

and becomes lax and redundant.

Figure 1. Typical cutaneous lesions in pseudoxanthoma elasticum A) 3-5 mm yellow papules
and plaques on the posterolateral side of the neck B) white plaques and loose, redundant skin
on the axilla C) 2-3 mm yellowish-white papules and plaques on the antecubital fossa D) 3-4
cm yellowish-white coalesced plaques on the wrist. (Semmelweis University, Department of

Dermatology, Venereology and Dermatooncology)
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1.2.5 Ocular manifestations

The quality of life in PXE patients is affected especially by vision impairment. Because of that
fact, the patients most commonly seek medical consultation upon experiencing ocular

symptoms, accordingly, ophthalmologists play a decisive role in the diagnosis of PXE [52].

Peau d’orange is most often the first ocular alteration, which appear as a diffuse mottling of the
retinal pigment epithelium (RPE). It has been hypothesized that peau d'orange is a sign of
microcalcification of Bruch's membrane (BM) and it causes no visual impairment (Figure 2/A)
[52].

The fragmentation and calcification of the elastic fibers lead to ruptures in Bruch's membrane
and irregular lines of varying thickness, referred to as angioid streaks (AS) appear
concentrically around the optic nerve (Figure 2/A). Depending on the degree of RPE atrophy,
AS displays red, light or dark brown lines. The main complication of AS is the subretinal
choroidal neovascularization (CNV), which develops in 72-86% of cases and it is bilateral in
more than 70% of cases [53]. However, AS itself does not cause visual acuity loss, even if the
fovea is affected, but the resulting developed CNV, oedema, subsequent fibrosis and scarring
lead to significant loss of vision (Figure 2/B) [52].

Bright spot-like structures (“comet™) and comets with a tail pointing toward the optic nerve
head (“comet tails") may appear on the periphery of the retina. Comets and comet tails are
unique pathognomonic features of PXE. Abnormal mineralization of the lamina cribrosa leads

to development of drusen (hyaline nodules) in the area of the optic nerve [52].
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Figure 2. Fundus abnormalities in pseudoxanthoma elasticum (PXE) A) Collage photograph of
the fundus of a young, 33-year-old male patient with PXE, B) Fundus photograph of a 51-year-
old female patient with PXE, showing pigmented scar tissue in the macula, brownish angioid
streaks (AS) and atrophy around the papilla, hyperreflective comet and comet tails lesions in

the peripheral area of the retina. (Semmelweis University, Department of Ophthalmology)

1.2.6 Cardiovascular manifestations

Patients with PXE have an increased risk of cardiovascular disease because of the vascular
morphological changes. The mineralization and fragmentation affect the elastic fibers of the
internal elastic lamina and adventitia in the aorta and medium-sized arteries, the
intramyocardial arterioles and epicardial coronary arteries. Similar changes have been
described in the endocardium and epicardium [54,55]. Accumulations of proteoglycans in tunica
media of the arterial wall - which attract calcium - lead to thickening of the artery wall [55]
(Figure 3). Early atherosclerosis can develop often in the internal carotid artery but in a previous
study, it was found, that atherosclerosis occurs frequently in the lower extremities [56].
Cardiovascular manifestations occur as hypertension, claudication intermittent, ischemic stroke
and gastrointestinal bleeding caused by peripheral vascular disease. In PXE patients, the most
common coronary artery diseases are the angina pectoris and myocardial infarction [45,56-58].
In addition, the early onset of left ventricular diastolic dysfunction has also been described [59].
Renal artery narrowing can lead to secondary hypertension [60]. Although PXE patients
typically have a normal life span, case series have been reported on myocardial infarctions and
sudden cardiac death in the teens or twenties [54]. It is unlikely that cardiological manifestations

are the first clinical signs of PXE, but in a young patient suffering from cardiovascular diseases
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without any risk factors, PXE should also be considered [61]. It has also been reported that not
only PXE patients have an increased risk of cardiovascular complications, but also the
heterozygous carriers of ABCC6 mutations [45,56].

Vasc Carotid s e TIS0.5 MI1.3

Vasc Carotid TIS0.3 MI1.3

IMT 1.01 mm

Vasc Carotid . TIS0.2, MI 1.2
2 | =

- “——- -
]

|

Figure 3. Cardiovascular manifestations in patients with pseudoxanthoma elasticum A) and C)
Specific small calcification in the subintimal region (blue arrow) B) Increased intima-media
thickness (IMT), 1.01mm D) Decreased mitral annular tissue Doppler velocities in an otherwise

healthy 51-year-old patient with PXE. (Semmelweis University, Heart and Vascular Centre)

1.2.7 Diagnosis

Although the skin lesions are characteristic in their appearance and location, the diagnosis can
be confirmed through a skin biopsy.

The typical histological features of PXE can be observed with the use of specific stains by light
microscopy. Fragmented elastic fibers are shown by hematoxylin-eosin staining or by
Weigert’s elastic staining which is specific for elastic fibers. Von Kossa staining reveals mid-

dermal salt deposits and van Gieson stains the abnormal collagen fibers [62] (Figure 4).
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Figure 4. Histopathological characteristics of pseudoxanthoma elasticum A) with
hematoxylin and eosin, B) Weigert’s elastic staining for elastin, C) von Kossa staining for
calcium deposits, and D) van Gieson staining for collagen. 100x magnification.
(Semmelweis  University, Department of Dermatology, Venereology and

Dermatooncology)
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The current guidelines for diagnostic criteria of PXE were developed by Plomp et al. in 2010.
The criteria system is established based on dermatological, ophthalmological and genetic
examination, according to major and minor criteria (Table 1) [63].

Table 1. Diagnostic criteria for pseudoxanthoma elasticum (PXE) created by Plompt et al. [63].
Definitive diagnosis: The presence of two (or more) major criteria not belonging to the same
(skin, eye, genetic) category.

Probable diagnosis: The presence of two major eye or two major skin criteria or the presence
of one major criterion and one or more 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 or more

minor criteria.

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: fragmented, clumped and calcified

elastic fibers.

2. Eye

a. Peau d’orange; or

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

3. Genetics

a. Pathogenic mutation of both alleles of ABCC6
gene

b. A firs-degree relatives with definitive PXE

diagnoses

Minor diagnostic criteria

1. Eye

a. One AS shorter than one disk
diameter; or

b. One or more ‘comets’ in the retina;
or

c. One or more ‘wing signs’ in the

retina

2. Genetics
a. A pathogenic mutation of one allele
of the ABCCG6 gene
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The Phenodex score assesses the severity of the organ affection and based on the severity of
symptoms affecting the skin (S), eye (E), gastrointestinal (Gl), vascular (V) and cardiac (C)
patients can be assigned a severity number. It can be used to monitor the clinical phenotype of
PXE patients. This system was expanded with other cardiac and vascular symptoms,
neurological information and nephrological manifestations by Legrand et al (Phenodex+ score)
(Table 2) [42].
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Table 2. Phenodex+ score for phenotype classification of patients with pseudoxanthoma
elasticum (PXE).

EKG: electrocardiogram; TIA: transient ischemic attack

Skin

SO No symptoms

S1 Papules

S2 Plaques

S3 Lax, redundant skin
Eye

EO no symptoms

El Peau d' orange

E2 Angioid streasks

E3 Belleding and/or scars

Gastrointestinal

GIO no symptoms

Gl1 Gastrointestinal bleeding as related to PXE

Vascular

V0 no symptoms

V1 Weak or absent pulse or peripheral artery disease revealed by vascular imaging

V2 Intermittent claudication

V3 Vascular surgery or Stroke/TIA

Cardiac

Cco No symptoms

c1 Chest pain/angina/abnormal EKG or abnormal stress test with no symptom, or mitral
insufficiency

C2 Heart attack

Renal

RO No symptoms

R1 Nephrolithiasis
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1.2.8 Imaging methods in PXE

During the dermatological examination, in addition to the characteristic clinical presentation,
DS as a non-invasive examination method can also help establish the diagnosis of PXE.
However, only a few studies have been published on the dermoscopic features of PXE. The
characteristic multiple irregular yellowish areas and superficial linear vessels were described
first in 2017 by Lacarrubba et al. [64]. The variant arrangements of the yellowish clods were
reported in detail by Berthin et al. The pattern of the yellowish globules present themselves as
dots, parallel lines, plaques, irregular broad or narrow mesh network [65] (Figure 5). The vessels
can be linear or reticulated or can be absent. Kawashima et al. suggested that the color of the
background is caused by the mid-dermal vasodilation. It can appear as purple, red, pink or
brownish color. It was noted, that the dermoscopy can help with differential diagnoses between
PXE and PXE-like papillary dermal elastolysis (PDE), because the background and the clods
are displayed in a lighter color in PXE-like PDE [66].

T

Wk, X
(] 5 i 8
Plaque of coalesced papules

L N
fe . Lo
Figure 5. Our dermoscopic images of cutaneous manifestations in pseudoxanthoma elasticum
(PXE). The arrangement of yellow globules grouped according to the nomenclature of Berthin
C. at. al. [65]. Black markers are used for image alignment. (Semmelweis University,

Department of Dermatology, Venereology and Dermatooncology)

There are various other non-invasive techniques to detect certain characteristic skin changes in

PXE patients. These include HFUS, RCM and OCT [67-69]. Furthermore, it was reported that
20



positron emission tomography-computed tomography (PET-CT) is able to detect inflammation
and calcification in PXE-affected skin sites.

Ex vivo NLM technique provides high-resolution imaging of the specific histopathological
features of PXE-affected skin. We can visualize elastin and calcium deposits by using TPEF

and the collagen fibers by using SHG techniques [35].

1.2.9 Differential Diagnosis

Generalized arterial calcification of infancy (GACI) shows serious, systemic clinical symptoms
and skin hyperlaxity. These skin manifestations are similar to those observed in PXE. Skin
symptoms resembling PXE can appear in many other hereditary and acquired dermatological
disorders: cutis laxa, Ehlers-Danlos syndrome, solaris elastosis, fibroelastolytic papulosis and
dermal elastolysis [70].

Angioid streaks can develop not only in PXE. Apart from PXE, retinal angioid streaks can also
occur in Marfan syndrome, Ehlers-Danlos syndrome, Paget's disease, acromegaly,
hematological diseases (sickle cell anemia, thalassemia, spherocytosis) and other pathologies
[71].

1.2.10 Management

In some cases, where the skin symptoms worsen the quality of life, plastic surgery may be
necessary. If the lesions are milder and localized, satisfying cosmetic results can be achieved
with fractional carbon dioxide laser. In a previous Hungarian publication, the possible efficacy

of the local corticosteroid and cryotherapy was mentioned [72,73].

Treatment of ophthalmological manifestations

Ocular involvement can lead to blindness if it is left untreated, but with prompt therapy, the
progression of symptoms can be reduced and prevented. CNV can be effectively managed with
intravitreal vascular endothelial growth factor (VEGF) inhibitor (e.g., bevacizumab,
ranibizumab) treatment, however, the localization of the pathological neovascularization
significantly affects the prognosis. Other therapeutic options include photodynamic therapy,
laser photocoagulation, transpupillary thermotherapy, and macular translocation surgery.

Patients with AS must be protected from trauma of the head and eyes in order to decrease the
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risk of choroidal rupture. It is recommended to wear protective glasses while doing sports or

working and contact sports should be avoided [74,75].

Management of cardiovascular manifestations

In PXE patients, it is extremely important to reduce cardiovascular risk factors by following a
suitable lifestyle (avoid smoking, weight control, regular exercise, etc.). In the case of an
abnormal lipid profile or hypertension, when the discrepancy cannot be resolved with lifestyle
changes, pharmacological treatment is crucial [76].

Although causal therapy for PXE is currently not available, when establishing the diagnosis,
both  homozygous and heterozygous carriers are recommended to undergo
cardiological/angiological screening (blood pressure, laboratory tests, echocardiography,
ankle-brachial index (ABI), carotid and extremity duplex ultrasound), to start appropriate
preventive steps. In addition, a fecal blood test is also recommended, especially in the case of
abdominal complaints [56,77].

It should be emphasized that the routine use of acetylsalicylic acid for preventive purposes is
not recommended in PXE patients due to the increased risk of retinal and GI bleeding [76].

In case of intermittent claudication, weight loss and a targeted physiotherapy can help by
stimulating collateral circulation. Above the age of 40, the introduction of physiotherapy is also
recommended for preventive purposes. Pentoxyphilline treatment may be beneficial but is not
recommended in case of recent retinal or Gl bleeding. In severe arterial stenosis, percutaneous

angioplasty or bypass surgery can be performed, although this is rarely necessary [78].

Causal therapeutic approaches and perspectives on personalized medicine

Antimineralization therapies

In some clinical studies, the efficacy of aluminum hydroxide, sevelamer hydrochloride,
disodium pyrophosphate and the beneficial effect of magnesium intake were investigated,
which reduce ectopic mineralization, so that fewer hydroxyapatite crystals develop in the body.
In PXE, etidronate and intravenous sodium thiosulfate can be effective for systemic arterial

calcification, the latter also improves skin symptoms [79,80].

22



Experimental animal models

Oral tetrasodium pyrophosphate showed antimineralization properties in Abcc6 —/— mice.
Cholesterol-lowering drugs such as atorvastatin can reduce the extent of ectopic mineralization.
Inhibition of tissue nonspecific alkaline phosphatase (TNAP) with SBI-425 increases plasma
PPi levels, thus reducing pathological tissue mineralization. With ENPP1 enzyme replacement
therapy, normalization of the plasma PPi level was achieved, which prevented ectopic
mineralization. Intravenous inositol hexaphosphate (INS-3001) and myo-inositol

hexaphosphate (SNF472) selectively inhibit the formation of hydroxyapatite [81].

Allele-specific and gene therapy modalities

The importance of accurate genetic testing of PXE patients is emphasized by the preclinical
allele-specific therapeutic studies. Regarding some missense mutations, the allele-specific
chaperone therapy options ensure the correction of the intracellular trafficking of the abnormal
protein. In the case of a common nonsense mutation resulting in an early stop codon, the non-
aminoglycoside premature termination codon (PTC) "read-through™ suppressor agent labeled
PTC124 facilitates the translation [82].

Functional, additive ABCC6 in vivo gene therapy transferred by adenovirus vector was
performed in murine animal model, however the efficacy was limited by its immunological
effects. In the future, further extensive preclinical and clinical studies are needed to confirm the
results [83].
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2.

Objectives

The present study aims to introduce novel imaging techniques for the assessment of the skin

lesions of patients with PXE and to reveal the association between the extension of PXE skin

lesions and systemic involvement.

Study

I/ 1. We aimed to evaluate the in vivo visualization of the characteristic skin changes in
PXE.

I/ 2. We aimed to visualize the characteristic dermoscopic features with multispectral
imaging (MSI) device.

I/ 3. It has been hypothesized that with the help of a MSI device using autofluorescence
(AF) light we can observe and measure the calcified areas of the PXE-affected skin.

I/ 4. Quantification and comparison of the intensity of the images on the PXE-affected
and on the healthy skin areas.

. Study

11/ 1. Furthermore, we aimed to explore the association between the extension of the
skin manifestations and the severity of the systemic involvement.

I1/ 2. We aimed to evaluate the skin involvement objectively and quantitatively.

I/ 3. We attempted to assess skin severity by the extent of ectopic calcification in the
skin using ex vivo NLM.

I1/ 4. We aimed to create parameters which can be used to determine the amount of skin
calcification.

[1/'5. We investigated the correlation between the calcified area in the skin and different

systemic involvement.
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3. Methods

3.1 Patient data

3.1.1 1. Study

We examined five patients (three female and two male patients) with a mean age of 55 + 8.1
years using AF and diffuse reflectance (DR) imaging with narrow-band light emitting diode
(LED) excitation. All these patients were diagnosed and managed with PXE at Semmelweis
University, Budapest, Hungary. The diagnosis was based on the revised diagnostic criteria of
PXE [63]. The diagnosis of PXE was verified by molecular genetic analysis of the ABCC6 gene
in all patients by the Center for Medical Genetics, Ghent University Hospital, Ghent, Belgium.
This study was approved by the Ethics Committee of Semmelweis University (SE RKEB no.
228/2018).

3.1.2 1l. Study
25 patients (17 females and 8 males) with a mean age of 49 + 13.8 years were included in the
Il. study where medical history was collected from the patients and NLM imaging was
performed using skin biopsy samples.
During the enrollment process severity rating system was developed with semiquantitative
methods taking into account the extent of calcium salts in the reticular dermis on the
histopathological samples of 106 PXE patients. Five samples with the highest quality were
chosen from each category of severity, resulting in a total of 25 samples.
All patients were diagnosed and managed at the PXE National Reference Center (MAGEC
Nord), Angers University Hospital, Angers, France.
Patients were categorized in three groups based on the severity of the disease. We evaluated
Phenodex score based on Legrand et al. and grouped the disease as mild (<4), moderate (5-7)
and severe (>8) PXE [42].
Detailed medical history was collected from PXE patients including age, sex, onset and duration
of the disease, smoking habit, skin symptoms (affected typical and nontypical skin sites),
ophthalmological signs (CNV, AS, subretinal hemorrhage and scarring), cardiovascular
phenotypes (blood pressure, electrocardiography (ECG), ABI), peripheral artery disease
(PAD), presence of internal carotid artery hypoplasia (ICAH), degree of calcification of the

aorta and peripheral vessels, history of angina pectoris, intermittent claudication, transitional
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ischemic attack (TIA), stroke, gastrointestinal hemorrhage), presence of nephrolithiasis,
osteopenia/osteoporosis and laboratory blood results.

All involved patients were informed about the study and signed the required consent (ethical
approval number: SE RKEB 193-2/2017).

3.2 Multispectral LED-based device (MSI) and images analysis

We performed imaging using a multispectral LED prototype device at the Department of
Dermatology, Venereology and Dermatooncology, Semmelweis University (Budapest,
Hungary). This device has been previously detailed described [84,85].

The color CMOS 5-megapixel IDS camera (MT9P0O06STC, IDS uEye UI3581LE-C-HQ,
Obersulm, Germany) of the device was fixed at 60 mm distance from the illuminated skin.
[llumination was provided by an LED ring built into the device, which contained four different
wavelengths of LED light (Figure 6/A, B). AF signal was excited using 405 nm LED
illumination and registered in the green channel using a 515 nm high-pass filter. DR images
were acquired using 660 and 940 nm illumination wavelengths (SML-LXL8047UVC, Lumex
Inc., Ronkonkoma, NY, USA) (Figure 6/C). The LEDs have a field of view of 2 x 2 cm2 and
an irradiation power density of 20 mW/cm2.

Seven different skin sites of each patient were analyzed by ImageJ v1.52a software (NIH,
Bethesda, MD, USA) using the images acquired with 405 nm, 660 nm, 940 nm illumination
wavelength settings.

We manually selected the regions of interests (ROI) based on their DS morphology according
to patterns described earlier [65,66]. The selected ROI of AF images were transferred to DR
images. The control group was provided by the uninvolved background skin. Images were
analyzed using intensity descriptors in comparison to uninvolved skin. We analyzed the mean,
minimum and maximum intensity values within the selected ROlIs. Intensity values are
expressed as arbitrary units (A.U.) as measured by ImageJ software.

Statistical analyses were performed with GraphPad Prism v9.0.0 software (GraphPad Software
Inc., La Jolla, CA USA) using unpaired two-tailed Student’s t-test. We considered p-values less

than 0.05 statistically significant. All results are expressed as mean + standard deviation.
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Figure 6. A) multispectral LED prototype device B) LED ring built into the device C) The

utilized illumination wavelengths, and the main molecules which can be visualized [86].
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3.3 Nonlinear microscopy (NLM)

From the same skin biopsy blocks 20 um thick sections were cut and deparaffinized to visualize
the skin structure under NLM. NLM imaging experiments were performed at the Nonlinear
Microscopy Laboratory of Wigner Research Institute for Physics, Budapest, Hungary. NLM
imaging was carried out using a ~20 MHz repetition rate, sub-ps Ti:Sapphire laser (FemtoRose
300 TUN LC, R&D Ultrafast Lasers Ltd., Budapest, Hungary) working at 800 nm central
wavelength with a bandwidth of <2 nm. A 20x water immersion objective (W-Plan —
APOCHROMAT 20x%/1.0 DIC (UV) VIS-IR, Carl Zeiss, Jena, Germany) was applied to focus
the laser beam and a commercial Axio Examiner LSM 7 MP laser scanning two-photon
microscope system (Carl Zeiss, Jena, Germany) with custom-modified detection optics was
used to capture images. Two non-descanned detection (NDD) detectors collected the TPEF and
SHG signals and signals were visualized by the ZEN 3.0 SR software (Carl Zeiss Microscopy
GmbH, Jena, Germany). A 525/50 nm bandpass filter was used to collect TPEF signals of
elastin and calcium deposits while 405/20 nm filter separated SHG signal of collagen. Mosaic
images were captured from individual 2D imaging areas of 420 x 420 um2. TPEF and SHG
images were merged and compile into two-color mosaic images with ImageJ v1.46 software
(NIH, Bethesda, MD, USA).

To determine the extent of calcification in patients, ten FOVs (field of view) were evaluated for
each patient. Relative area affected by calcification (CA) (sum of the ROls/total area of the ten
FOVs) and calcification density (CD) (ratio of the above-threshold/total ROl area) were
measured. Total calcification score (CS) was obtained by multiplying CD and CA.

CA, CD and CS values were compared between patients using Student’s t-test or Mann-
Whitney Wilcoxon exact test, as applicable. These values were compared to each parameter of
Phenodex+ score, different levels of aortic calcification and peripheral atherosclerosis with the
one-way ANOVA test.

The elastic fibers were measured manually using ImagelJ software. The number of elastic fibers
was given as the number of fibers divided by the FOV, and the length of fibers was given in
pm units.

Pearson's correlation coefficient (r) or Spearman's correlation coefficient, where appropriate

was used to explore the correlations between CA, CD, CS and the continuous variables. Logistic
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regressions were built for dichotomous outcomes, while the Poisson regression models was

utilized for analyzing count data. All the models were corrected for both age and gender.
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4. Results

4.1 1. Study
In the 1. study we found typical clinical presentations in all the enrolled PXE patients. Patients
2 and 5 showed moderate skin involvement, while in patients 1, 3 and 4 more extensive,

prominent skin manifestations were detected (Figure 7).

Figure 7. Clinical photographs that display the typical cutaneous manifestations of the
patients with pseudoxanthoma elasticum. A) Patient 1, large coalescent plaques on the wrist
B) Patient 2, 1-2 mm yellowish papules on the right side of the neck C) Patient 3, redundant,
loose skin in the axilla and 2-5 mm papules on the axilla D) Patient 4, 2-6 mm papules on
the right and dorsal side of the neck E) Patient 5, right antecubital fossa, yellow-white flat
plaques. Black markers do not point to areas of interest, they are used for image alignment

(area: 0.125 cm2).
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While the neck was involved in all cases, yellowish papules on the periumbilical region were
present in only two cases, and the chest was affected solely in Patient 1. A summary of the skin

lesions’ locations can be found in Table 3.

Table 3. Affected skin sites of the pseudoxanthoma elasticum patients.
Pt, patient; +, clearly visible papules or plaques; (+) mild, poorly visible skin lesions.
Pt1 Pt 2 Pt3 Pt4 Pt5

neck + + + + +
axilla + (+) + + (+)
antecubital fossa + (+) + (+) +
popliteal fossa + (+) + (+) (+)
inguinal + + + (+)
periumbilical + +
wrist + (+)

chest (+)

Characteristic histological features were noted under light microscopy using specific stains.
Hematoxylin and eosin staining demonstrated a disordered arrangement of the connective tissue
structure. Von Kossa staining revealed considerable calcium deposition in the mid-dermis.
Weigert's elastic staining showed the fragmentation of mineralized elastin, and van Gieson

staining revealed disrupted collagen fibers surrounding calcified regions (Figure 8).
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Figure 8. Histopathological characteristics of skin biopsies of the pseudoxanthoma elasticum patients (Pt) with hematoxylin and eosin (H&E), von
Kossa (VK) staining for calcium deposits, Weigert’s elastic (WE) staining for elastin and van Gieson (VG) staining for collagen. Scale bars display

100 um. Representative images are shown at 100x magnification.
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Yellowish clods on a light purplish-red background and reticulated vessels were typically

observed in the acquired DS images. The globules presented as dots, irregular mesh networks,

or parallel lines. However, in some of the clinically affected skin regions, these characteristic

DS features were absent, as reported in Table 4.

Table 4. Characteristic dermoscopic features of the affected skin sites of the pseudoxanthoma

elasticum patients according to the nomenclature of Berthin et al. [65] and Kawashima et al.

[66].

Pt, patient. Blank cells indicate that DS images were not captured in that region, due to the lack of

cutaneous manifestations.

Structure Pt1 Pt 2 Pt3 Pt4 Pt5
globules plaques dots, linear mesh network  linear dots, plaques
neck background  red brownish purple-red red brownish
vessels reticulated, linear reticulated reticulated reticulated no
globules plaques dots mesh network  dots dots
axilla background  purple brownish purple-red pink brownish
vessels linear no reticulated no no
globules linear linear linear plaque
antecubital
background  purple-red (non-typical)  purple brownish purple
fossa vessels reticulated reticulated no no
globules linear linear linear dots linear
popliteal
background  purple-red brownish purple pink purple
fossa vessels several reticulated no reticulated reticulated  reticulated
globules dots
inguinal background  purple (non-typical)  (non-typical) (non-typical)
vessels reticulated
globules dots
periumbilical background  purple-red (absent)
vessels reticulated
globules plaques
wrist background  purple (absent)
vessels reticulated
globules
chest background  (absent)
vessels
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The skin lesions displayed a high-contrast signal in the AF images, even in skin areas where
atypical or no DS patterns were detected (Figure 9).

Quantitative analyses revealed significantly higher mean AF intensity values in the PXE-
affected skin areas compared to uninvolved skin (60.74 + 23.86 vs. 43.40 = 16.76 A.U.; p <
0.0008, (Figure 10/ A, B). We found significantly higher rates in the affected areas while
measuring the minimum (36.14 £+ 15.29 vs. 25.17 £ 11.66 A.U.; p <0.0012) and the maximum
values (109.8 + 30.87 vs. 79.69 + 23.76 A.U.; p < 0.0001) of AF intensity (Figure 10/B).
Analyzing DR images with 660 and 940 nm illumination of the same field of views, no

significant differences were found.
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Figure 9. Representative autofluorescence (AF), diffuse reflectance (DR) and

dermoscopy (DS) images of the affected skin sites of the pseudoxanthoma elasticum
patients. A) AF image of the axilla of Patient (Pt) 1. B) AF, DR and DS images of the
antecubital fossa of Pt 1, showing PXE-specific morphologic structures. C) AF image
of the axilla of Pt 2. D) AF, DR and DS images of the inguinal region of Pt 2. AF
image reveals a well-visible extensive area with high AF signal. DR images show
barely noticeable pattern. DS image shows no typical pattern. E) AF image of the
antecubital fossa of Pt 3. F) AF, DR and DS images of the neck of Pt 3, showing PXE-
specific morphologic structures. G) AF image from popliteal fossa of Pt 4. H) AF, DR
and DS images from wrist of Pt 4. AF image gives high-contrast signal. DR images
are less informative. 1) AF image of the inguinal region of Pt 5. J) AF, DR and DS
images of the axilla of Pt 5, displaying PXE-specific morphologic structures. K) AF
images of Pt 5, uninvolved normal skin. L) AF, DR and DS images of uninvolved
normal skin, upper arm of Pt 5. The size of the images is 2 x 2 cm?. Black markers do

not point to areas of interest, they are used for image alignment (area: 0.125 cm?).
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Figure 10. Regions of interest (ROI) selection and results of quantitative analyses of
autofluorescence (AF) and diffuse reflectance (DR) images of the skin of the
pseudoxanthoma elasticum (PXE) patients. A) Marked PXE-affected and uninvolved
skin areas as ROI. Patient (Pt) 1, neck; Pt 2, antecubital fossa; Pt 3, axilla; Pt 4, wrist;
Pt 5, antecubital fossa. B) In the AF images, the investigated parameters were
significantly increased in PXE-affected skin compared to uninvolved skin. Analyzing
DR images, no significant differences were found between PXE-affected and healthy
skin. * p < 0.05. A.U., arbitrary unit.
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4.2 11. Study
In the Il. study, regarding the laboratory findings, a deficiency of vitamin K was observed in 4
individuals (16%), while hypercholesterolemia and high Lp(a) levels were detected in 9 patients
(36%).
Table 5 shows a comparison of statistics results of the clinical variables and complications in
PXE with data reported in the literature.

Table 5. PXE patient characteristics.

Data is expressed as mean + standard error for normally distributed continuous variables, median for
non-parametric distributed continuous variables and number (%) for categorical variables.
Abbreviations: CA: calcification area, CD: calcification density, CS: total calcification score, ICAH:

internal carotid artery hypoplasia, TIA: transient ischemic attack, ECG: electrocardiography

In this study cohort Data from the literature
Total (n) 25
Age (years) 48.4+13.87 31.7 [87], 47+15 [40]
Male sex (n) 8 (32%) 32% [41], 36% [40]
Onset (age[years]) 20 [14-22.5] 13.54 [88] 21+14 [89]
Duration (years) 20.5+£15.8
Smoking (n) 10 (40%) 35% [88], 30% [40]
BMI (kg/cm?) 24.27 (22.93-18.10)
Osteopenia/osteoporosis (n) 6 (24%) 23-46% [40]
Gastrointestinal haemorrhage (n) 1 (4%) 18% [87]
Nephrolithiasis (n) 6 (24%) 39.8% [90]
Skin (n)
Plaques 15 (60%)
Redundant skin folds 7 (28%) 93% [87]
Acneiform lesions 10 (40%)
Mucosal involvement 10 (40%) 21.4% [91]
Typical areas 6.2+1.8
Atypical areas 0[0-1]
CA 23.3+16.15
CD 51.6+22.1
CS 1436.0 + 1182.5
Elastic fiber number/FOV 40.8 +27.7
Elastic fiber length (um) 32.3[25.4-34.9]
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Eye (n)
Peau d’orange 4 (16%) 84.9% [89]
Angioid streaks 22 (88%) 93.75% [92], 92.5% [89]
Choroidal neovascularization 10 (40%) 42.5% [92], 50.9% [89]
Bleeding and/or scarring 2 (8%) 44% [89]
Macular atrophy 5 (20%) 32% [93]
Blindness 5 (20%) 10.9% [94]
Vascular (n)
Weak or absent pulses 7 (28%)
Intermittent claudication 9 (36%) 42-53% [95]
Lower limb revascularization 0 (0%)
ICAH 4 (16%) 8.6% [96]
Peripheral artery disease 7 (28%) 37-57% [97]
High blood pressure 4 (16%) 8-25% [95]
Stroke/TIA 1 (4%) 15% [56]
Ankle-brachial index 1.1[0.83-1.15] 0.9240.19% [97]
Cardiac (n)
Chest pain/ angina /abnormal ECG 5 (20%) 13-15% [56]
Cardiac attack 0 (0%) 1-5% [56]
Phenodex+ score 5.64+1.8

2 [1-2.5]

2 [2-3]
Gl 0[0-0]

1[0-2]

0[0-0]
R 0[0-0.5]
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NLM showed different degrees of calcification in patient skin biopsy samples (Figure 11).

Figure 11. Nonlinear microscopic image of ex vivo formalin-fixed, deparaffinized, unstained
PXE skin sections. Mosaic two-photon excitation fluorescence (TPEF) and second-harmonic

generation (SHG) image of the skin sample of Patient 19. Scale bars display 400 um.

Regarding the measurement of the extension of calcification, mean CA was 23.35+16.15 %,
the median CD was 52.02 % (43.11-71.03), and CS was 1387 (264.9-1996).

In patients with severe Phenodex score, significantly higher CA, CD and CS were found than
in the mild PXE patients (p=0.036; p=0.027; p=0.010). Moreover, significantly higher CS was
observed in the severe vs moderate (p=0.041) Phenodex+ patients.

We found significantly higher CA values in patients with more severe ophthalmological
complications (p=0.04) and with higher V-score (p=0.005) and with redundant skin folds
(p=0.024). CA correlated significantly with the extent of vessel involvement (V-score)
(r=0.434), peripheral atherosclerosis (r=0.44), the Phenodex+ score (r=0.435), the number of
affected skin sites (r=0.48), and disease duration (r=0.48). The presence of macular atrophy
(B=-0.44, p=0.032), acneiform changes (f=0.40, p=0.047) and late onset disease (f=-0.48,
p=0.017) showed statistically significant associations with higher CA.
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Significantly higher CD was found in patients with higher VV-score (p=0.018), and with internal
carotid artery hypoplasia (ICAH) (p=0.045). CD correlated significantly with V-score
(r=0.539), peripheral atherosclerosis (r=0.0.41), and with the Phenodex+ score (r=0.46).
Higher CS was found in patients with acneiform skin lesions. CS correlated significantly with
V-score (r=0.507), peripheral atherosclerosis (r=0.45), the Phenodex+ score (r=0.503), number
of affected typical skin sites (r=0.49), and disease duration (r=0.40).

The number of affected typical skin was significantly higher in patients with CNV (p=0.033),
redundant skin folds (p<0.0001), with higher S-score (p<0.0001) and significantly correlated
with the Phenodex+ score (r=0.56, p=0.003).

Patients with affected nontypical skin sites had a higher occurrence of CNV (pOR 5.02, 95%
Cl [1.33 — 2225.12], p=0.02).

The main findings are summarized in Table 6 and Figure 12.
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Table 6. Relationship between skin calcification parameters and clinical variables

Spearman’s rho is presented for significant relationships in bold. Non-significant associations are

marked as NS.

Abbreviations: ABI: ankle-brachial index, C: cardiac, CA: calcification area, CD: calcification density,

CS: total calcification score, E: eye, GI: gastrointestinal, R: renal, S: skin, V: vessel

CA CD CS
CD 0.67 1 NS
Elastic fiber number -0.74 NS NS
Elastic fiber length -0.42 NS -0.586
Onset NS NS NS
Duration 0.48 NS 0.40
Visus NS NS NS
ABI NS NS NS
Aortic calcification -0.44 NS NS
Peripheral atherosclerosis 0.44 0.41 0.45
Number of affected typical skin sites 0.48 NS 0.49
Phenodex+ score 0.435 0.46 0.503
S-score NS NS NS
E-score NS NS NS
Gl-score NS NS NS
C-score NS NS NS
V-score 0.434 0.539 0.507
R-score NS NS NS
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Figure 12. Association between skin calcification parameters and macroscopic skin signs or
clinical

phenotypes in the investigated pseudoxanthoma elasticum patients. Statistical significance

(p<0.05) is marked with *.
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5. Discussion

Modern imaging techniques have made remarkable progress in numerous medical fields and
have been integrated into routine clinical practice [98].

Skin imaging is valuable not only because the skin is the most easily accessible organ, but also
because the different morphological variations of the skin are crucial in the differential
diagnosis of various conditions. Several different imaging tools can be used to examine the
skin, however, most of these have not been widely used in clinical practice yet [99].

In this work, we introduced two different novel skin imaging methods and showed their use and
importance in PXE. We attempted to visualize PXE-affected skin sites and evaluate them

objectively.

DS — also known as the dermatologist’s s stethoscope — gains an essential role in clinical
practice, as a characteristic pattern is described in an increasing number of skin diseases. It is
easily available and frequently used everyday tool in dermatological practice [100]. With MSI,
we were able to effectively visualize skin regions affected by PXE, including those where DS
failed to reveal PXE-specific structures. Under different wavelengths, varying degrees of
intensity of PXE lesions was observed. In some cases, it was not feasible to differentiate the
PXE-affected skin using DR images and were generally less informative compared to AF
images and did not appear to offer a notable advantage over DS. AF images exhibited
significantly higher intensity, making the affected areas clearly visible.

Both DS and MSI are non-invasive, fast, cost-effective and portable imaging tools. However,
with the use of MSI, we were able to visualize PXE lesions with higher contrast and select the

affected areas more precisely, thus allows quantification of the severity of skin involvement.

We suppose that the higher AF intensity in PXE-affected skin lesions is associated with the
absorption of light by calcium deposits, which are primarily composed of calcium hydrogen
phosphate and calcium hydroxyapatite, and in some extent of iron precipitates [101,102]. It was
reported that calcium hydroxyapatite in nanoparticle has fluorescence properties, with
maximum excitation intensity at 405 nm [103]. Since we used the same illumination wavelength,
we hypothesize that AF signal originates from calcium hydroxyapatite in the skin. Additionally,

fluorescence microscopy has demonstrated that calcium phosphate emits AF at 345 and 470 nm
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excitation wavelength, indicating that calcium phosphate may also produce an AF signal when
illuminated at 405 nm [104].

Further research would be required to explore the precise source of the increased AF signal
observed in PXE lesions under 405 nm excitation [105]. However, determining the optimal LED
illumination wavelength for AF could potentially enhance the specificity of imaging for PXE

skin lesions.

The extent of skin calcification and the disruption of elastic fibers were quantitative analyzed
using NLM images, for the objective assessment of the severity of the skin lesions. Therefore,
we could compare the severity of the skin manifestation with the systemic involvements and
correlate it with several different parameters.

According to a recent retrospective clinical study of 125 PXE patients, there should be a link
between the severity of cardiovascular and ophthalmological complications and the number of
PXE affected skin sites [41]. Utani et al. reported associations between higher number of PXE
affected skin sites and cardiovascular disease, and wider angioid streaks [91]. Similarly as seen
in previous studies, we found that the number of affected typical or nontypical skin sites was
significantly higher in patients with CNV.

In our study, all investigated calcification indexes were significantly higher in patients with
high Phenodex+ scores. In recent studies, where the 18F-Sodium Fluoride (18F-NaF) uptake in
the skin showed the active calcification in PXE, higher 18F-NaF deposition was detected in the
neck of patients with higher Phenodex scores. However, 18F-NaF accumulation in the arteries
or other skin sites did not show any significant correlation with Phenodex score [50,106].

It has been previously studied that metabolic abnormalities in PXE predisposes to early
initiation and accelerated occurrence of age-related vascular process [57]. PAD is highly
increased in PXE [56,95,107,108]. In our study CA, CD, CS was significantly correlated with V-
score and with peripheral atherosclerosis, which results suggest an association between the
severity of skin symptoms and the development of vascular manifestations.

Before adjustment, significantly higher CD was found in patients with weak pulses (p=0.016)
and with intermittent claudication (p=0.041) and higher CS was significantly higher in patients
with weak pulses (p=0.028). This may be due to the correlation with age described in a recent
study, which showed that disease severity and arterial calcification were strongly dependent on
age in PXE [109].
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We suppose that negative correlation between CA and number of elastic fibers is due to the
higher calcification masking the elastic fibers. The reason for the negative correlation between
CA, CS, and the length of elastic fibers is that calcification leads to fragmentation of the elastic

fibers.

The two introduced techniques (MSI and NLM) are not yet widely accessible to clinicians.
The limitation of the MSI device is its field of view, which covers only 2x2 cm?, which restricts
the maximum area that can be captured. This device did not have tunable wavelength, so
accordingly, we could not select the most optimal LED illumination wavelength for the
assessment of PXE- affected area and the different AF molecules cannot be displayed
separately.

NLM was utilized ex vivo, and the samples preparation, image acquisition, and image
processing are all time-consuming procedures.

The analysis of the captured images was carried out manually which also required substantial
amount of time and may not be entirely exact. Subsequently, our future plans involve the
implementation of automatic image analysis.

Other non-invasive techniques that can be used to visualize PXE lesions also have significant
limitations. Both HFUS, OCT and RCM are expensive methods that demand expertise and
specialized training, and they are found only at larger dermatology centers [67-69].

These modalities, utilized in our research, could also have potential benefits in other connective

tissue disorders and cutaneous calcinosis [33,34].
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6. Conclusions

l. Study

I/ 1. In our study, we evaluated in vivo visualization of the characteristic skin changes in PXE.
I/ 2. We utilized in vivo MSI device on the skin of PXE patients to visualize the characteristic
dermoscopic features.

I/ 3. We found that characteristic dermoscopic features appeared in high contrast using 405 nm
illumination (autofluorescence light), where we have successfully separated PXE-affected and
healthy skin areas.

I/ 4. Quantitative analyses revealed significantly higher mean AF intensity, significantly higher
minimum and maximum AF values in the PXE-affected skin areas compared to uninvolved

skin.

. Study

11/ 1. We explored association between the extension of the skin manifestations and the severity

of the systemic involvement.

11/ 2. We evaluated the skin involvement objectively and quantitatively.

11/ 3. We assessed the skin severity by the extent of ectopic calcification in the skin using ex

vivo NLM.

I/ 4. We created parameters which can be used to determine the amount of skin calcification

(calcified area, CA,; calcification density, CD; total calcification score, CS).

I/ 5. Quantitative analyses were carried out; Associations were observed between the

investigated parameters and clinical manifestations:

- CA showed significant correlation with the number of affected typical skin sites, the
Phenodex+ score, peripheral atherosclerosis, extent of vessel involvement (V-score) and
disease duration and showed significant association with the presence of macular atrophy,
acneiform skin lesions and late onset disease. Patients with more severe eye and vascular
complications had significantly higher CA.

- CD correlated significantly with V-score and it was significantly higher in patients with
internal carotid artery hypoplasia.

- Significantly higher CS was observed in the severe vs moderate (p=0.041) Phenodex+

patients. Higher CS was found in patients with acneiform skin lesions and CS correlated
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significantly with V-score, peripheral atherosclerosis, the Phenodex+ score, number of
affected typical skin sites, and disease duration.

Significantly higher CA, CD and CS were found in patients with severe Phenodex score than
in the mild PXE patients.
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7. Summary

Pseudoxanthoma elasticum (PXE) is a rare connective tissue disorder that can cause severe
ocular and cardiovascular complications.

Novel imaging modalities have been used to investigate and quantify the severity of skin lesions
and to reveal the relationship between skin calcification and systemic involvement in PXE
patients.

In addition to dermoscopy, we introduced a novel multispectral imaging (MSI) device and used
autofluorescence (AF) and diffuse reflectance (DR) imaging techniques, to assess the affected
skin sites of five PXE patients. Our results showed significantly higher AF intensity values in
areas of PXE-affected skin when compared to uninvolved skin. This suggests that AF imaging
can be used to observe skin lesions and objectively monitor the efficacy of novel therapeutic
approaches in PXE patients. Furthermore, it is a safe, fast, and cost-effective method that can
be applied conveniently.

Ex vivo nonlinear microscopy (NLM) imaging was utilized to assess the extent of skin
calcification in 25 PXE patients. Two-photon absorption fluorescence (TPEF) method was used
to acquire images for quantitative analyses of ectopic calcification and elastic fibers. After
statistical analyses, a significant correlation was found between the calcified area (CA) and the
number of affected typical skin sites, disease duration, and ophthalmological and cardiovascular
complications. We also found a significant association between higher CA and the presence of
macula atrophy and acneiform skin lesions. The findings suggest that NLM imaging may be
useful for clinicians to identify PXE patients who are at risk of developing severe systemic
complications.

The first sign of PXE often appears on the skin. Consequently, the diagnosis based on skin
manifestations may prevent the development of systemic manifestations and slow down the
progression of the disease with prompt, early management. The quantitative assessment of the
skin lesions with MSI and NLM techniques may provide novel possibilities to monitor the
severity of skin lesions, predict the development of systemic involvements and may be

implemented into diagnostic approaches used in PXE in the future.
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