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LIST OF ABBREVIATIONS

ACDU: angiokeratoma corporis diffusum universale
ADHD: attention deficit hyperactivity disorder

AEI: annular epidermolytic ichthyosis

AGAL.: alpha-galactosidase A enzyme

AREI: autosomal recessive epidermolytic ichthyosis
aSICI: acral self-improving collodion ichthyosis
BSI: bathing suit ichthyosis

CDPX2: Conradi-Hunerman-Happle syndrome

CIE: congenital ichthyosiform erythroderma

CRIE: congenital reticular ichthyosiform erythroderma
El: epidermolytic ichthyosis

EKV: erythrokeratoderma variabilis

EM: electronmicroscopy

ERT: enzyme replacement therapy

H&E: hematoxylin and eosin

HI: Harlequin-ichthyosis

IOD: integrated optical density

IPS: ichthyosis-prematurity syndrome

IV: ichthyosis vulgaris

LB: lamellar bodies

LI: lamellar ichthyosis



FD: Fabry disease
KID: Keratitis-ichthyosis-deafness syndrome

KLICK: Keratosis linearis with ichthyosis congenita and sclerosing keratoderma

syndrome
KPI: keratinopathic ichthyosis

MEDNIK: Intellectual  disability-enteropathy-deafness-peripheral ~ neuropathy-

ichthyosis-keratodermia syndrome

MSI: multispectral imaging

NLM: nonlinear microscopy

NISCH: Neonatal ichthyosis-sclerosing cholangitis syndrome
NTS: Netherton syndrome

PPK: palmoplantar keratoderma

PSD: peeling skin syndrome

ROI: region of interest

SELI: superficial epidermolytic ichthyosis
SHG: second harmonic generation

SICI: self-improving collodion ichthyosis
SLS: Sjogren-Larsson syndrome

STS: steroid sulfatase enzyme

TGM-1: transglutaminase-1 enzyme
TPF: two-photon absorption fluorescence
TTD: trichothiodystrophy

XLRI: X-linked recessive ichthyosis



1. INTRODUCTION

1.1. Rare diseases and genodermatoses

The definition of rare diseases is not exact, as it ranges with jurisdictions (1). In the
Europen Union the prevalence threshold for rare diseases is 1:2000. Up to this point,
5000-8000 distinct rare diseases have been recorded in the medical literature and further
diseases are continuously reported (1). Recent scientific and technical advancements that
improved our genetic, molecular, and biochemical understanding also led to increased
awareness of rare diseases (1). Approximately 80% of rare diseases are genetically
inherited. Genodermatoses are inherited disorders that present characteristic cutaneous
signs with or without multisystemic involvement. As of now, 560 genodermatoses have
been identified. Due to their clinical heterogeneity and rarity, the diagnosis may be
difficult to establish, common dermatological signs include disorders of cornification,

pigmentation, vascularisation and blistering (2).

1.2. Ichthyoses

Ichthyoses are a group of rare inherited or acquired skin diseases characterized by
disorders of cornification resulting to various extent in scaling, hyperkeratosis and
erythroderma as well as palmoplantar hyperkeratosis or hyperlinearity (3). The term
"ichthyosis" comes from the Greek word "ichthys," which means fish, as the scaling on
the skin can resemble fish scales. Inherited ichthyoses are considered classical
genodermatoses that follow a monogenic autosomal or X-linked inheritance affecting
genes that participate in the differentiation or metabolism of keratinocytes (3). In order to
maintain the proper function of the skin barrier, the precise, layer-specific expression of
proteins is essential, as a result of which the cells undergo dramatic morphological and
biochemical changes (Figure 1.). This finely regulated process is called terminal
differentiation, when keratinocytes become nuclear- and organelle-depleted corneocytes.
The basal cell row of the epidermis is attached to the basement membrane by
hemidesmosomes, their main intermediate filament is keratin 5/14, which is replaced
suprabasally by the expression of keratin 1/10 and keratin 2. In the suprabasal cells,
structural proteins are associated with the plasma membrane through the mediation of
transglutaminases. The granular layer is characterized by specific organelles, namely

keratohyaline granules containing profilaggrin and lamellar bodies. These organelles play



a vital role in the formation of the corneocyte lipid envelope and intercellular lipid layer,
which are essential for maintaining the integrity of the skin barrier (4). Cells in the
uppermost layers undergo a tissue-specific form of programmed cell death. Here the
primary constituents of corneocytes include keratin, filaggrin, and loricrin. The organelle-
depleted corneocytes are connected through modified demosomes, called
corneodemosomes. These proteins contribute to the formation of the cornified cell
envelope. At the end of the differentiation process of cornified cells, serine and cysteine

proteases cleave corneodesmosomes, enabling desquamation (5).
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Figure 1. Layers of the epidermis, the key components of cornification in connection to
different types of ichthyoses (affected genes in brackets). Abbreviations: LI: lamellar
ichthyosis; CIE: congenital ichthyosiform erythroderma; AEI: annular epidermolytic
ichthyosis; AREI: autosomal recessive epidermolytic ichthyosis; CRIE: congenital

reticular ichthyosiform erythroderma; SICI: self-improving collodion ichthyosis (6).

In general, mutations of structural proteins show a predominantly dominant inheritance,
while enzymes and transporters participating in keratinocyte differentiation show a
recessive pattern of inheritance (6). There are over 20 different types of ichthyoses (7),
mutations in more than 50 genes have been described (3). Non-syndromic ichthyoses only
affect the skin and can be further categorized into common and uncommon types, while
syndromic forms are classified based on the accompanying symptoms (3). From an



epidemiological perspective, the most commonly encountered forms of non-syndromic
ichthyoses include ichthyosis vulgaris and the non-syndromic form of X-linked
ichthyosis. Rare entities comprise members of the autosomal recessive congenital

ichthyosis (ARCI) group as well as keratinopathic ichthyoses (KPI) (5).

KPI are attributed to mutations of the layer-specific keratin genes present in the
suprabasal keratinocytes that lead to skin fragility. Epidermolytic ichthyosis (EI, OMIM:
113800), previously known as epidermolytic hyperkeratosis and bullous congenital
ichthyosiform erythroderma of Brocq, results from dominant negative mutations in the
genes encoding keratin 1 and 10 (KRT1, KRT10). Initiative signs at birth include
erythroderma and blistering followed by hyperkeratosis to a variable degree. Typically,
KRT1 mutations are associated with palmoplantar keratoderma (PPK). Mutations of
KRT2 are associated with superficial El, previously known as ichthyosis bullosa of
Siemens (3).

In the last two decades, several disease-causing mutations have been identified in the
background of inherited ichthyoses. Molecular genetic testing has become widely
available and is now a basic tool to confirm the diagnosis of ichthyoses. For decades,
Sanger sequencing has been the gold standard of genetic testing, whereby a known
disease-causing gene is analyzed. In the case of those genodermatoses, where the
genotype-phenotype correlation is well established, the assessment of the target gene can
confirm the diagnosis, otherwise it is an expensive and time-consuming approach. Panel
testing, such as next-generation sequencing, can help identify various mutations, which
is particularly valuable when dealing with rare forms of ichthyoses where genotype-
phenotype correlation is not well established. Nevertheless, prior to this stage, a thorough
clinical examination and other diagnostic procedures, including conventional histology
or immunohistochemistry should be employed to narrow down the diagnosis (Figure 2.)
(5, 8).
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Figure 2.: Diagnostic workup for ichthyoses. Abbreviations: ADHD: attention deficit

bathing suit

ichthyosis, BSI:

acral self-improving collodion

hyperactivity disorder, aSICI:

ichthyosis, CDPX2: Conradi-Hunerman-Happle syndrome, CIE: congenital ichthyosiform

erythroderma, El: epidermolytic ichthyosis, EKV: erythrokeratoderma variabilis, EM: electron

HI: Harlequin-ichthyosis, IPS: ichthyosis-prematurity syndrome, IV: ichthyosis

microscopy,

linearis with

KLICK: Keratosis

KID: Keratitis-ichthyosis-deafness syndrome,

vulgaris,



ichthyosis congenita and sclerosing keratoderma syndrome, KPI: keratinopathic ichthyosis, LB:
lamellar bodies, LI: lamellar ichthyosis, MEDNIK: Intellectual disability-enteropathy-deafness-
peripheral neuropathy-ichthyosis-keratodermia syndrome, NISCH: Neonatal ichthyosis-
sclerosing cholangitis syndrome, NTS: Netherton syndrome, PPK: palmoplantar keratoderma,
PSD: peeling skin syndrome, SEI: superficial epidermolytic ichthyosis, SICI: self-improving
collodion ichthyosis, SLS: Sjogren-Larsson syndrome, STS: steroid sulfatase enzyme, TGM-1:

transglutaminase-1 enzyme, TTD: trichothiodystrophy, XLRI: X-linked recessive ichthyosis (9)

To date, curative interventions for congenital ichthyoses remain elusive, however, several
symptomatic approaches have been developed for management. The early diagnosis of
congenital ichthyoses holds great significance for several reasons. Firstly, timely
identification allows for appropriate and prompt management, thereby improving the
quality of life for affected individuals. Early interventions can help alleviate symptoms,
prevent complications, and optimize long-term outcomes. Genetic counseling plays a
vital role in the context of congenital ichthyoses as it provides valuable information about
the genetic basis of the condition, its inheritance pattern, and the likelihood of recurrence
in future pregnancies. Furthermore, genetic counseling aids in understanding the
underlying molecular mechanisms of congenital ichthyoses, facilitating research efforts
and the development of novel therapeutic strategies. By elucidating the genetic
components involved, genetic counseling can contribute to the advancement of

personalized medicine approaches, such as gene and cell therapy (10).

1.3. Fabry Disease

1.3.1. Epidemiology

Fabry disease (FD, OMIM 301500), is an X-linked inherited disorder that affects
glycosphingolipid metabolism. The initial estimated prevalence of FD in males was 1 in
40,000 (11). However, recent newborn screening studies indicate a higher incidence of
the disease, reported between 1:3,100-1:1,250 (12). In Hungary, newborn screening
studies showed an incidence of 1:13,341 (13). This variation in prevalence and incidence
may be attributed to the clinical heterogeneity of the disease (12).

1.3.2. Pathogenesis
FD is caused by mutations in the GLA gene, which impairs alpha-galactosidase A enzyme
(AGAL) activity and results in the lysosomal accumulation of Gb3 in various cells

10



including the endothelium, vascular smooth muscle, myocardium and corneal epithelium.

This leads to diverse clinical symptoms due to progressive organ damage (Figure 3.).
Cerebrovascular manifestations:
Stroke/TIA 1

| Cutaneous signs:
Angiokeratomia corporis
diffusum universale,
Other vascular lesions
— Fabry disease — An/hypohidrosis
Hyperhidrosis
/ \ Facies Fabry /
/

Peripherial neuropathy: % o?;?;er:a:;i:s::gf: )
. . Vision loss
Renal manifestations:

Proteinuria,
Reduced renal function,
End-stage kidney

Vestibulocochlear symptoms:
Hearing loss
Tinnitus,

Vertigo

Hypertension,

Cardiovascular manifestrations:
Ischemic heart disease,
Arrhythmia

Gastrointestinal symptoms:
Abdominal pain,
Constipation/diarrhea

Acroparesthaesia
Fabry crisis

Figure 3. Overview of the different organ manifestations of Fabry disease.

Both hemizygous males and heterozygous females can be affected by the disease. Patients
with minimal or no AGAL activity exhibit the "classic” phenotype, which features early-
onset characteristic symptoms such as angiokeratoma corporis diffusum universale
(ACDU), acroparesthesia, and cornea verticillata. From the third decade of life onward,
the disease can progress to cause renal, cardio- and cerebrovascular disorders. If left
untreated, Gb3 accumulation in various cells leads to irreversible end-organ damage and
reduced life expectancy (14). Late-onset variants of the disease, which affect patients
between the ages of 30 and 70, usually present milder symptoms and may only affect one
or a few organ systems, such as the cardiac or renal variant (12). Heterozygous females
may exhibit a range of clinical presentations, from asymptomatic to severe disease, with
a lower likelihood of developing the classic phenotype due to residual enzyme activity

and X-chromosome inactivation patterns (15).

1.3.3. Diagnosis
The presence of typical organ manifestations and/or a family history may lead to the

suspicion of FD. Diagnosis in males can be confirmed by reduced AGAL activity in

11



plasma, leukocytes, or other cell types. While genetic analysis is not required for
diagnosis in males, it is crucial for selecting disease-specific therapies. In females, AGAL
enzyme activity may be normal, necessitating genetic analysis to confirm the diagnosis
(16).

1.3.4. Angiokeratomas in Fabry disease

The cutaneous hallmark of FD is ACDU (Figure 3.), which is the most prevalent clinical
feature of the disease, observed in 66% of male and 36% of female patients (17). ACDU
is typically observed in males during childhood and is considered an important sign for
early diagnosis. Angiokeratomas are acquired benign vascular lesions that are
characterized histologically by dilated subepidermal vessels with overlaying epidermal
acanthosis and hyperkeratosis. Angiokeratomas in FD result from the weakening of the
vessel wall due to the accumulation of Gb3 in the dermis. Initially presenting as
telangiectatic vessels, angiokeratomas can subsequently develop into subepidermal
vascular cavernae with occasionally warty hyperkeratosis, manifesting as solitary or
clustered red, blue, or black papules or plaques, typically distributed between the navel
and upper thighs, also known as the "bathing-suit distribution™. Angiokeratomas in FD
develop in childhood and typically increase in size and number as the disease progresses
(18). Female FD patients typically develop angiokeratomas later and on different
localizations e.g. trunk and proximal extremities (17). Macular, flat angiokeratomas in
FD have also been described (17). Dermoscopy reveals well-demarcated dark red to
blueish-black lacunae corresponding to dilated vascular spaces that may be thrombosed.
Hyperkeratosis and acanthosis result in an opalescent whitish veil (19). Differential
diagnosis should consider other vascular lesions such as hemangiomas, which share
similar dermoscopic features with angiokeratomas. It is important to mention that ACDU
IS not synonymous with FD. While ACDU is a characteristic feature of FD, it can also
occur in a variety of other lysosomal storage diseases (20). Additionally, while
angiokeratomas are the most prominent signs of FD, there are subtypes of angiokeratomas
that are not associated with FD. Angiokeratomas can be classified into five distinct
clinical types based on their location, morphology and etiology, although they share
similar histological features: 1.) ACDU, as described earlier, presents in the bathing suit
distribution in patients with FD and rarely other lysosomal storage diseases, 2.)

angiokeratoma of Mibelli appears on the dorsal surfaces of hands and feet and is often
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linked to chilblains, 3.) angiokeratoma of Fordyce can be observed on the scrotum and is
associated with increased venous pressure 4.) angiokeratoma circumscriptum naeviforme
manifests unilaterally on a lower extremity, and 5.) solitary and multiple angiokeratomas
can appear anywhere on the body but are most commonly found on the lower extremities
(18).

1.3.5. Other cutaneous signs

In addition to ACDU, other dermatological manifestations of FD include telangiectasias,
abnormalities of sweating, lymphedema, and typical pseudoacromegaloid dysmorphia of
the face known as "facies Fabry" (18). Sweating abnormalities include an- or
hypohidrosis and hyperhidrosis. The etiology of sudomotor dysfunction observed in FD
is attributed to nerve damage and the infiltration of storage material into the sweat glands.
Hypo- and anhidrosis are established clinical features of FD, affecting a substantial
proportion of male patients (93%) and a smaller percentage of female patients (25%).
These symptoms can result in heat and exercise intolerance, posing a significant clinical
burden to affected individuals. Conversely, hyperhidrosis has recently emerged as a novel
indicator of FD, with a higher prevalence among female patients (11.9%) relative to males
(6.4%). The recognition of hyperhidrosis as a possible sign of FD, although not as widely
reported as hypo- and anhidrosis, has important implications for disease diagnosis and
management, particularly in the female patient population (21). Facies Fabry is
characterized by prominent supraorbital ridges, periorbital fullness, large bitemporal
width, bushy eyebrows, broad nasal base, full lips and prominent chin, which typically
occur in the classical, more severe type of the disease (17). Although lymphoedema was
included in the initial characterization of FD, it is not considered a distinctive feature of
the disease. Accumulating evidence supports a pathogenic connection between FD and
the development of edema (25% of males and 17% of females) and lymphoedema (16%
of males and 7% of females) in affected individuals (17). The presence of telangiectasias
is also a characteristic, but not a specific sign of FD affecting 23% of males and 9% of
females (17). While some of the above-described cutaneous signs alone are not conclusive
indicators of FD, their consideration in the diagnostic workup may prove useful in the
identification of previously undetected cases.

13



1.3.6. Disease-specific therapy

The timely recognition of FD assumes even greater significance in light of the availability
of disease-specific therapies, which can mitigate the progression of disease and improve
clinical outcomes. At present, enzyme replacement therapy (ERT) is the mainstay of
treatment for FD, with two forms, namely agalsidase-alfa and agalsidase-beta, available
for biweekly intravenous administration. A newer therapeutic modality, known as
chaperone therapy, involves the use of migalastat to enhance protein folding and stabilize
the mutated endogenous AGAL protein. However, the use of migalastat is limited to
specific missense mutations. Emerging therapeutic strategies for FD include next-
generation ERT, substrate reduction therapy, and gene therapy, which hold promise for

more effective and targeted management of the condition in the future (14).

The availability of ERT and chaperone therapy underscores the need for early detection
and intervention, as early initiation of disease-specific therapy has been shown to improve
clinical outcomes and prevent disease progression. Thus, early recognition of FD is
imperative to ensure the timely implementation of disease-specific treatment. The
identification of skin manifestations holds significant value in the diagnosis of FD as
these visible and early-onset symptoms serve as a conspicuous indication of the
underlying disease. Skin manifestations are also a notable cause of morbidity, affecting
the individual's self-esteem and quality of life, thus necessitating the application of proper
treatment modalities. The extensive heterogeneity of clinical presentations in FD can
result in a delayed diagnosis, thus hindering the timely initiation of disease-specific
therapy. In this regard, dermatologists play a crucial role in the early recognition and
diagnosis of FD, given the high frequency of cutaneous features associated with the

condition.

1.4. Imaging of the skin

1.4.1. Clinical photography

Within the field of dermatology, the primary mode of diagnosis predominantly relies on
visual observation, a common approach shared by numerous medical specialties.
Correspondingly, the utilization of clinical photography has progressively emerged as an

essential component of customary medical practice in dermatology. Clinical photography

14



has gained considerable prominence as a means to record the temporal progression of
pathological alterations or the healing trajectory and also serving as a potent
communication medium. Moreover, it plays a pivotal role in facilitating precise and
prompt diagnosis, while also serving as the most reliable modality for maintaining

comprehensive medical records (22).

1.4.2. Dermoscopy

Dermoscopy, a non-invasive in vivo technique, is a widely used tool for the assessment
of cutaneous lesions. This procedure enables the visualization of skin structures situated
within the epidermis, the dermoepidermal junction, and the papillary dermis, which are
typically imperceptible to the naked eye. Initially employed in the field of dermato-
oncology, dermoscopy has progressively expanded its utility to encompass a broad
spectrum of dermatological conditions including infectious skin conditions
(entodermoscopy) and inflammatory dermatoses (inflammoscopy) (23, 24). Dermoscopy
can unveil subtle findings that might be missed during a routine clinical examination,
thereby facilitating accurate diagnoses and appropriate treatment strategies. Besides the
utility of clinical photography, dermoscopic images can also be captured through
photography or digital recording, facilitating their storage and enabling sequential

monitoring to assess for any subsequent alterations.

1.4.3. Multispectral imaging

Multispectral imaging (MSI) refers to a novel non-invasive, in vivo technology that
captures images using a combination of multiple LED lights with different wavelengths.
By using LEDs that emit light at various wavelengths across the visible and non-visible
spectrum, the technology can capture images with high spatial resolution and high
spectral specificity. The technique can be used to determine the distribution of the
endogenous fluorophores of the skin such as keratin, melanin and hemoglobin. Our
research group has utilized MSI in the diagnosis of melanoma as well as rare skin diseases

including pseudoxanthoma elasticum (25, 26).

1.4.4. Nonlinear microscopy

Nonlinear microscopy (NLM) holds great promise as a label-free imaging technique,
predominantly employed in the field of brain research. In the context of skin assessment,
NLM techniques, specifically two-photon absorption fluorescence (TPF) and second-
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harmonic generation (SHG), offer the potential for high-resolution skin imaging. To
achieve the generation of nonlinear optical processes, a high photon density is necessary,
which can be attained through femtosecond or picosecond pulse laser systems operating
within the near-infrared spectrum (27). Notably, while excitation occurs in the near-
infrared wavelength range, the emitted photons fall within the visible light spectrum. TPF
enables the visualization of keratins, elastin, and melanin, whereas SHG is employed for
the imaging of non-centrosymmetric molecules, such as collagen. Our research group
recently applied these two modalities for the ex vivo assessment of basal cell carcinoma,
pseudoxanthoma elasticum and Ehlers—Danlos syndrome (28-30). Several other
investigations have been conducted on various skin conditions, leading to a
comprehensive understanding of the nonlinear microscopic characteristics exhibited by

inflammatory skin conditions such as atopic dermatitis or psoriasis (31).
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2. OBJECTIVES

In overview, we aimed to apply multimodal imaging, namely MSI and NLM in case of

rare, inherited disorders presented with disordered keratinization or vascular lesions.

e Our first aim was to investigate the use of MSI in keratinization disorders with a
focus on a rare KPI caused by a KRT1 gene mutation. We evaluated MSI in
detecting and visualizing optical changes in the skin in the case of EI.

e We aimed to utilize ex vivo NLM modalities with a particular focus on the
visualization of alterations brought on by hyperkeratosis.

e We assessed the utility of MSI for evaluating angiokeratomas in FD patients. Our
aim was to capture autofluorescence and diffuse reflectance images of
angiokeratomas and compare the images to dermoscopy to determine whether
MSI provides additional information.

e We explored the application of ex vivo NLM for distinguishing angiokeratomas
from other vascular lesions such as hemangiomas.

e We characterized the clinical and morphologic features of angiokeratomas in
patients with FD. Our objective was to examine the distribution, appearance, and
variability of angiokeratomas in FD. This involved conducting a thorough
dermatological examination, evaluating dermoscopic images, and describing the
specific structures observed in angiokeratomas.

e We investigated the diagnostic challenges and heterogeneity of dermatological
manifestations in FD. Our aim was to explore the clinical heterogeneity of FD in
our patient cohort and its impact on the diagnosis of the condition. We analyzed
the distribution and appearance of angiokeratoms, to understand the diagnostic
challenges faced by healthcare professionals. Additionally, we evaluated other

cutaneous signs of FD, that can contribute to the early diagnosis of the condition.
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3. METHODS

3.1.Visualization of keratin with multispectral imaging and nonlinear microscopy

in a rare keratinopathic ichthyosis

3.1.1. Patient and genetical analysis

We conducted the assessment of the skin lesions in a 3-year-old male patient with EI
using in vivo MSI and ex vivo NLM to specifically investigate and visualize the changes
associated with hyperkeratosis. For the confirmation of the diagnosis, genetic analysis
was carried out. The genomic DNA was extracted from peripheral blood leukocytes
obtained from the patient as well as his parents. The amplification of exons and adjacent
intron regions was carried out using predetermined KRT1-specific primers that were
tagged with M13 tail sequences. This amplification process was conducted using the
VariantSEQr PCR sequencing system (Applied Biosystems, Foster City, CA, USA).

3.1.2. Multispectral imaging

For in vivo MSI imaging, an experimental setup described in previous studies (32, 33)
was employed, utilizing an LED-based device. A series of autofluorescence images were
captured under continuous excitation of a 405 nm LED. Furthermore, diffuse reflectance
images were obtained using 526 nm illumination. To ensure consistent illumination and
a fixed distance of 60 mm between the camera and the uniformly lit skin, a cylindrical
light-shielding wall was utilized, which housed four battery-powered violet and green
LEDs. A long pass filter (>515 nm) was positioned in front of a color CMOS 5-megapixel
IDS camera (MT9P0O06STC, IDS uEye UI3581LE-C-HQ, Obersulm, Germany) to
prevent the detection of 405 nm LED emissions. The skin of the patient was evaluated at
two distinct locations in order to compare the inherent autofluorescence of unaffected
skin with the changes induced by hyperkeratosis. A healthy child of matching age and
gender was also assessed as a control using the same methodology. In all images, areas
of affected and unaffected skin were manually selected as regions of interest (ROI). The
mean autofluorescence and diffuse reflectance intensity values within the selected ROIs
were analyzed using ImageJ vl1.52a software (NIH, Bethesda, MD, USA).
Autofluorescence and diffuse reflectance intensity values were calculated based on the
Integrated Optical Density (I0D) measurement functionality of the ImageJ software. IOD

values are given in an arbitrary unit.
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3.1.3. Nonlinear microscopy and conventional histology

Skin biopsies were performed using a 4 mm punch biopsy tool. Specifically, two samples
were obtained from the plantar region of the patient with keratoderma for NLM imaging.
One of the biopsy specimens was immediately transferred in phosphate-buffered saline
and positioned on slides to capture z-stack images using NLM. The second biopsy sample
was fixed in formalin, embedded in paraffin, and sliced into 20 pm thick sections.
Following deparaffinization, the unstained sections were covered with coverslips to
enable the acquisition of vertical NLM images. For histopathologic analysis, hematoxylin
and eosin (H&E) stained sections were prepared using standard techniques. To serve as a
control, an equivalent set of samples from an unaffected individual underwent identical
treatment and processing. For NLM imaging, a sub-ps Ti:Sapphire laser (FemtoRose 300
TUN LC, R&D Ultrafast Lasers Ltd., Budapest, Hungary) with a repetition rate of
approximately 20 MHz was utilized. The imaging system employed was a commercial
Axio Examiner LSM 7 MP laser scanning 2P microscope, equipped with a 20x%, 1.0 NA
water immersion objective (W-Plan-APOCHROMAT, Carl Zeiss Microscopy GmbH,
Jena, Germany). The pump laser was set to a central wavelength of 800 nm, with a
bandwidth of less than 2 nm. A 405/20 nm bandpass filter was employed to collect the
SHG signal, while a 590/45 nm (orange) bandpass filter was used for the collection of the
TPF signal prior to detection by non-descanned detectors. Two-channel, 16-bit images
were acquired from individual imaging areas measuring 420 x 420 pm?, with a pixel dwell
time of 12 us. Mosaic images of vertical skin sections were captured, and the acquired
TPF and SHG images were merged and assembled into two-channel images using ImageJ
v1.46 software (NIH, Bethesda, MD, USA). Z-stacks of the skin biopsy samples were
obtained with a 5 pm step size between horizontal images using Zeiss Zen software v3.0
(Carl Zeiss AG, Germany). Three-dimensional images were generated from these 2D

images along the z-axis using ImageJ software.

3.2. Assessment of angiokeratomas in Fabry disease

3.2.1. Patients and diagnosis

In this study, we presented findings from a cohort of 26 patients belonging to 16 families
who were referred to our hospital diagnosed with FD. The diagnosis of FD was
established based on reduced AGAL activity, and genomic DNA sequencing. A

comprehensive dermatological examination, including dermoscopic evaluation and
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photographic documentation, was conducted. For two patients (one male and one female),
the diagnosis of angiokeratoma was further confirmed through histopathological analysis.
Data related to the extracutaneous manifestations of FD were retrospectively collected
from clinical records. Prior to their inclusion in the study, informed consent was obtained

from all participating patients.

3.2.2. Dermoscopy

We examined dermoscopic images of randomly selected lesions using the Heine Delta 20
dermatoscope (Heine Optotechnik GmbH, Herrsching, Germany). Our evaluation
focused on identifying specific features, including red, blue, or black lacunae, as well as
the presence of a whitish veil. Additionally, we assessed the structure of the vasculature
within the lesions. We employed both descriptive and commonly used metaphorical

dermoscopic terminology (19, 34).

3.2.3. Multispectral imaging

We assessed seven FD patients presenting angiokeratomas with LED-based MSI. The
same setup was used as described in section 3.1.2. In addition to autofluorescence images
under 405 nm illumination and diffuse reflectance images under 526 nm illumination, we

recorded and evaluated diffuse reflectance images under 663 nm and 964 nm illumination.

3.2.4. Nonlinear microscopy and conventional histology

For NLM investigations, deparaffinized and unstained sections obtained from the
angiokeratoma biopsies were prepared. NLM imaging was conducted with the same setup
as described in section 3.1.4., with the following modifications. To collect the SHG
(collagen) signal, a 405/20 nm bandpass filter was utilized as described above, while a
525/50 nm (green) bandpass filter was employed to collect the TPF signal. The selection
of the green channel was based on preliminary measurements conducted on blood
samples. The acquired TPF and SHG images were merged and combined into two-
channel images using Image) v1.46 software (NIH, Bethesda, MD, USA). For
histopathologic analysis, H&E stained sections were prepared using standard techniques.

3.2.5. Ethical statement
All procedures performed in studies involving human participants were in accordance
with the ethical standards of the institutional research committee (Semmelweis University

Regional and Institutional Committee of Science and Research Ethics, Budapest,
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Hungary, SE TUKEB no. 193/2017 and 228/2018) with the 1964 Declaration of Helsinki
and its later amendments or comparable ethical standards.
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4. RESULTS

4.1.Case presentation of a rare keratinopathic ichthyosis and assessment with

multispectral imaging and nonlinear microscopy

4.1.1. Case presentation

We present the case of a 3-year-old male patient who displayed brownish, red, scaly
patches in intertriginous and umbilical regions, concomitant with palmoplantar
hyperkeratosis (Figure 4.). Shortly after birth, the infant presented with blistering and
erosions, accompanied by pronounced scaling on the scalp, flexural and intertriginous
areas, as well as the palmoplantar regions. The severity of the observed symptoms
exhibited temporal fluctuations (Figure 5.), with intermittent episodes of exacerbated
epidermolysis, fissures, and onychodystrophy. Remarkably, the parents did not possess
any pertinent medical history associated with cutaneous disorders.

Figure 4. Skin signs of the patient with epidermolytic ichthyosis. Hyperkeratotic plaques
in the umbilical (A) and axillary (B) regions of the affected individual. In addition, a
notable hyperkeratotic plaque with mild epidermolysis, fissures, and lichenification was

observed in the gluteal region (C).
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Figure 5. Diffuse palmoplantar keratoderma of the patient at the age of 6 months (A, B),

1 year (C, D), and 3 years (E, F). The presence of hyperkeratosis extending beyond the
boundaries of the palms and soles can be noted. In our specific case, the severity of

palmoplantar keratoderma (PPK) demonstrated fluctuations over time.

Genetic analysis of the KRT1 gene in the proband revealed the presence of a heterozygous
missense mutation ¢.1436T>C. This mutation, designated as p.lle479Thr, induces an
amino acid substitution from isoleucine to threonine within the highly conserved 2B
domain of keratin 1 (Figure 6.). Notably, the genetic analysis conducted on the parents
did not reveal the presence of this pathogenic variant. Furthermore, an in-frame deletion
variant encompassing 21 base pairs within exon 9 of the KRT1 gene (p.Gly553-
Tyr559del) was identified in both the proband and the proband's mother (35).
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Figure 6. Sequence analysis of the affected patient with heterozygous mutation

€.1436T>C in KRT1 gene (A) and homozygous wild-type sequence in a healthy individual
(B).

4.1.2. Multispectral imaging

In comparison to the unaffected skin region on the patient's arm and both evaluated skin
sites of the healthy control, the thickened palmar hyperkeratosis exhibited significant
autofluorescence upon excitation at 405 nm illumination (Figure 7.). Moreover, a lower
level of diffuse reflectance signal was observed when the area was illuminated with 526
nm. Through quantitative analyses, it was determined that the palmar hyperkeratosis
displayed a notably higher average autofluorescence intensity compared to the clear
palmar skin and unaffected skin region of the patient (162.35 vs. 51.14 vs. 20.46). In
contrast, the average autofluorescence intensity in the unaffected region of the patient and
the healthy control demonstrated a slightly lower value (20.46 vs. 35.97). Concerning the
palmar skin, the mean intensity values of the diffuse reflectance images under 526nm
excitation were higher in both the patient and control groups (45.83 and 48.12,
respectively) when compared to the forearm skin of the patient and control (35.01 and
36.01, respectively). Notably, there was no substantial difference observed in the mean
intensity values of the diffuse reflectance imaging between the patient and the healthy

control groups (Table 1.).
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Figure 7. Diffuse reflectance images were obtained from the patient and a healthy age-

matched individual using 526 nm illumination (A, B, E, F), while autofluorescence images

were captured under 405 nm LED excitation (C, D, G, H). Images A to D represent the

unaffected skin region on the patient's forearm and the corresponding area on the healthy

individual, showcasing the inherent autofluorescence of the skin. Images E to H depict

the palmar skin. In image F, the edges of the thickened scales were delineated using 526

nm illumination on the patient. Notably, image H shows that the thick hyperkeratotic

layer on the palm exhibited a strong autofluorescence signal upon excitation at 405 nm.

Image size: 2 x 2 cm? The black markers in the images do not indicate areas of interest

but serve for image alignment. The pixel size is 180 pixels/cm.

Table 1. Mean diffuse reflectance and autofluorescence intensity

values. I0OD: integrated optical density, au: arbitrary unit

Image Area (pixel?) IOD (au) Mean intensity value
A 93526 3367091 36.01

B 182298 6382257 35.01

C 81545 2933298 35.97

D 113030 2312653 20.46

E 113220 5447741 48.12

F 178957 8201498 45.83

G 101910 5211317 51.14

H 116840 18968786 162.35
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4.1.3. Nonlinear microscopy

The visualization of the papillary dermis in the fresh frozen plantar keratoderma sample
was hindered due to the presence of thick hyperkeratosis and strong autofluorescence of
keratin. These factors caused significant scattering and resulted in a reduced depth of
penetration (Figure 8.). The maximum depth reached within the skin was measured at 115
um for the plantar keratoderma sample and 230 um for the control sample (Figure 8.).

15um 30pum 45 um 0 um

0um
Plantar
keratoderma
N . . . .

Figure 8. Horizontal optical slicing of skin biopsies from the epidermis to the dermis was

performed using nonlinear microscopy. The upper panel represents a sample from a
patient with plantar keratoderma, while the lower panel shows a biopsy from a healthy
control. Representative images were acquired at five different vertical positions along the
Z-axis, with a separation of 15 um between each position. The skin biopsies were
horizontally positioned on the microscopy slides for imaging. Orange color (590/45 nm
bandpass emission filter) and magenta color (405/20 nm bandpass filter) indicate two-
photon absorption fluorescence (TPF) and second-harmonic generation (SHG) signals,

respectively, in the imaging plane. Scale bar: 100 um. Pixel size: 0.8476 pixels/um.
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Figure 9. Three-dimensional (3D) images of keratin and collagen were obtained using
two-photon fluorescence (TPF) and second-harmonic generation (SHG) imaging
techniques in skin biopsies. Image (A) corresponds to a healthy subject, while image (B)
represents a case of palmoplantar keratoderma. Notably, when the epidermis expands,
the penetration depth of the pump laser decreases significantly, resulting in the inability
to reach the papillary dermis in the case of keratoderma. The size of the images is as
follows: 420 x 420 um.

For further investigations, formalin-fixed sections that were previously embedded in
paraffin were deparaffinized and subjected to imaging with TPF and SHG. For a more
conventional representation, two-dimensional vertical cross-section mosaic images were
acquired. Notably, the SHG visualization of collagen allowed for the observation of the
papillary dermis at the base of the plantar keratoderma sample (Figure 10.). In the TPF
channel, the cellular portion of the epidermis was distinguishable between the dermal
papillae. However, as the observation moved towards the upper layers, the cellular
structures were no longer discernible and were replaced by lamellae in the TPF channel,
representing cornified keratinocytes and protein aggregates. These histological changes
were consistent with the findings of H&E stained sections (Figure 11.). In contrast, the
control skin sample's NLM image allowed for clear visualization of the thin epidermal

layer and the collagen network present in the dermis and subcultis.
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Figure 10. Mosaic images of vertical skin sections were captured using nonlinear
microscopy (NLM). In images (A) and (B), the sections correspond to a patient with
plantar keratoderma, while images (C) and (D) represent a healthy control. Keratin was
visualized with a two-photon fluorescence (TPF) signal in the orange channel, while
collagen exhibited a second-harmonic generation (SHG) signal, indicated by the magenta
color. In images (A) and (B), the dermal papillae appeared in magenta, followed by the
basal keratinocyte layer shown in orange. Moving upwards, wider cellular layers of the
epidermis were observed, accompanied by an increased presence of lamellar structures
composed of cornified keratinocytes. The total thickness of the epidermis measured
approximately 3000 um (range: 3079-3373 um). In images (C) and (D), the structure
and proportion of the epidermis appeared as expected in healthy subjects. The thickness
of the epidermis averaged around 100 um (range: 96—146 um). Scale bar: 420 um. Pixel
size: 0.1571 pixels/um (A, C),; 0.4012 pixels/um (B, D).
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Figure 11. The histological analysis of the patient's plantar keratoderma using
hematoxylin and eosin (H&E) staining revealed a characteristic structure consistent with
acral localization. In image (A), the surface of the skin biopsy specimen was covered by
a thick layer of hyperkeratotic and orthokeratotic horny tissue. In image (B), it was
observed that the epidermis exhibited significant acanthosis (epidermal thickening) and
mild papillomatous changes. The stratum granulosum, a layer of the epidermis, appeared
widened. The keratohyaline granules within the keratinocytes exhibited varied shapes

and sizes and demonstrated perinuclear vacuolization. The basal membrane of the
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epidermis remained intact. (4) 2.8 x magnification; scale bar: 500 um; pixel size: 0.184

pixels/um. (B) 19.9x magnification; scale bar: 50 um, pixel size: 1.12 pixels/um.

4.2. Assessment of angiokeratomas and other cutaneous signs in Fabry Disease

4.2.1. Patient cohort, extracutaneous manifestations

The study population comprised 12 males and 14 females, ranging in age from 5 to 70
years, with a mean age of 38+20.8 years. The age at which FD was diagnosed ranged
from 4 to 60 years, with a mean age of 32.8+19.4 years (Table 2.). Among our patients,
16 individuals were diagnosed based on a family member's affected status, while in the
remaining portion of our patient group, characteristic organ symptoms led to the clinical
suspicion of FD, most commonly in the form of ACDU in 4 patients. Following
confirmation of the diagnosis, disease-specific treatment was promptly initiated for the
majority of patients (Table 2.). Patients who are currently not receiving the specific
therapy exhibit no initial signs of organ involvement and undergo regular screenings for

such manifestations.

Table 2. Clinical details of Fabry disease patients in our cohort

Total (n=26)  Females (n=14) Males (n=12)

Mean age (years) 38.0+20.9 42.1+19.9 31.1£21.7
Mean age at diagnosis
32.8+19.4 37.07+17.4 27.75£21.1
(years)
Mean age at the initiation of
36.1+18.3 43+15.1 29.70£19.4
therapy (years)
Therapy
Agalsidase-a 10 (38%) 5 (19%) 5 (19%)
Agalsidase-f 8 (31%) 4 (15.5%) 4 (15.5%)
Migalastat 1 (4%) 0 (0%) 1 (4%)
None 7 (27%) 5 (19%) 2 (8%)

Among the patients included in the study, cornea verticillata, a usually asymptomatic
condition affecting the corneal epithelium, was the most prevalent extracutaneous
manifestation, observed in 18 individuals each. This was followed by cardiac
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involvement and acroparesthesia, a sensation of tingling, burning, pain or numbness in
the extremities. Renal involvement was observed in ten patients, ranging from mild
proteinuria to severe organ failure requiring dialysis in two male patients. Pulmonary
manifestations were infrequent and mostly subclinical, resulting in restrictive or mixed

restrictive-obstructive ventilatory impairment (Table 3.).

Table 3. Extracutaneous manifestations in our patient group
Total (n=26)  Females (n=14) Males (n=12)

Cardiovascular involvement

Cardiac involvement 17 9 8

Arrhythmia 9 5 4
Left ventricular hypertrophy 14 7 7
Ischemic heart disease 1 1

Sudden cardiac arrest 0 1

Hypertension 10 6 4
Cerebrovascular involvement

Headaches 4 1 3

Tinnitus 1 0 1

Vertigo 1 1 0

Stroke 4 3 1

Hearing impairment 5 2 3

Renal involvement 11 6 5

Acroparesthaesia 16 6 10
Ophthalmologic signs

Cornea verticillata 18 9 9

Other nonspecific signs 14 8 6

Gastrointestinal involvement 11 4 7
Pulmonary involvement 4 3 1

4.2.2. Clinical presentation of angiokeratomas

Angiokeratomas were detected in the majority of our patient cohort, comprising 13 female
and 11 male patients (Figure 12.). However, during a comprehensive clinical
examination, it was observed that one young male and one young female patient did not

exhibit any angiokeratomas.
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Figure 12. Cutaneous manifestations of Fabry disease in our patient cohort (n=26). The
most common skin findings were angiokeratomas, with other vascular lesions such as
telangiectasias and hemangiomas. It is noteworthy that half of our patients had varicose

veins, even younger patients, and we also identified synophrys in four individuals.

The typical form of ACDU in the bathing-suit distribution was observed in eight males
and two females, with angiokeratomas primarily localized between the navel and the
knees. In more severe cases, ACDU also extended toward the upper extremities. Within
our patient cohort, a wide range of angiokeratoma phenotypes could be observed.
Typically, male patients presented with extensive, hyperkeratotic, and wart-like
angiokeratomas (Figure 13. A-C), while other patients displayed dark red to purple
macules corresponding to vessel ectasia without overlying hyperkeratosis (Figure 13. D-
G).
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Figure 13. Angiokeratoma corporis diffusum universale in Fabry disease in male
patients. A-C: warty, papular angiokeratomas on the trunk (A), inguinal region (B) and
umbilical region (C). D-G: incipient, macular angiokeratomas in the umbilical region of
a young male patient (D), inguinal region (E), on the lips (F) and on the fingertips (G).
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We referred to the latter phenotype as incipient or macular angiokeratomas. Women
typically presented a smaller number of solitary, papular angiokeratomas without

prominent hyperkeratosis, which could be easily confused with senile angiomas (Figure
14)).

Figure 14. Angiokeratoma corporis diffusum universale with warty angiokeratomas on
the lower abdomen of a female patient (A), macular angiokeratomas on the helix and
anthelix of a female patient (B), solitary angiokeratomas on the chest of a female patient
(C). Note that solitary angiokeratomas in female patients can be mistaken for

hemangiomas.

It is important to note that although wart-like angiokeratomas are easily identifiable,
incipient and solitary lesions can be missed without the aid of dermoscopic examination
in some cases. Overall, the most commonly affected sites for angiokeratomas in our

patient cohort were the chest, followed by the abdomen and umbilical region (Figure 15.).
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Figure 15. Frequency of angiokeratomas on different skin sites in males and females in
our patient cohort. The chest was the most frequent location for angiokeratomas, with a
higher prevalence among females. Among males, the umbilical, gluteal, and inguinal
regions were the most common sites, which aligns with the bathing suit distribution.

Skin areas associated with the typical bathing suit distribution, such as the umbilical
region, gluteal region, thighs, and genitalia, were more frequently affected in males, while
the chest, upper extremities, and upper back were more commonly involved in female

patients. We also observed angiokeratomas in acral locations, including the palmoplantar
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region, ears, and lips (Figure 13. F, G, Figure 14. B, Figure 15.). Mucosal involvement
was rare, and no angiokeratomas were found on the dorsal surface of the hands within

our patient group.

In this study, we made a distinction between the typical and atypical distribution of
angiokeratomas, with the typical distribution referring to the bathing suit distribution.
Within our patient group, males were more likely to exhibit angiokeratomas in the typical
bathing suit pattern, while a larger proportion of females displayed angiokeratomas on

atypical skin sites such as the upper trunk and arms (Figure 16.).

Distribution of angiokeratomas
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Figure 16. Distribution of angiokeratomas in males and females. The columns with dots
indicate patients who had grouped angiokeratomas, while the solid-colored columns
represent patients with solitary lesions. Note that all patients who presented
angiokeratomas in the bathing suit distribution had grouped lesions, while most patients
presenting angiokeratomas on atypical skin sites e.g. chest, and upper extremities almost

exclusively presented solitary lesions.

In cases of typical distribution, angiokeratomas appeared in clusters, whereas in instances

of atypical distribution, solitary lesions were more characteristic. Among patients with
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atypical distribution, the majority, consisting of three males and eight females, had only
a small number (less than 5) of angiokeratomas. Only three females in the atypical
distribution group presented with a higher number of angiokeratomas. This included two
middle-aged women who had several solitary papular lesions on the trunk and upper
extremities, as well as one young female patient who exhibited clustered incipient
angiokeratomas exclusively on the upper arms. These findings indicate that only 10 of
our patients displayed the “classic” ACDU phenotype, while other cases demonstrated
either a small number of lesions or atypical features in terms of distribution and clinical

appearance and were not conspicuous upon clinical examination.

4.2.3. Other cutaneous manifestations

In regards to other cutaneous manifestations in our patient group, 11 patients exhibited
an- or hypohidrosis (eight males and three females), and an additional seven patients
presented with hyperhidrosis (two males and five females) (Figure 12.). Notably, reduced
sweating was frequently accompanied by dry skin. Furthermore, a majority of our patients
displayed various vascular lesions, including telangiectasias and cherry angiomas.
Interestingly, almost half of the patients exhibited pseudoacromegaloid features to
varying degrees. VVaricose veins were prevalent in our patient population and could even
be observed in young patients (Figure 17. A-B). Lymphoedema was also identified in five
adult patients (Figure 17. C). Additionally, synophrys was observed in four young
patients, both males and females (Figure 17. D-E). Importantly, patients with a low
number of angiokeratomas or even those devoid of any angiokeratomas exhibited other

cutaneous signs that hold considerable diagnostic value.
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Figure 17. Other cutaneous signs of Fabry disease. A-B: Varicose veins (blue arrows)
on two young male patients. The young male patient in panel A also presented with
several angiokeratomas. C: Lymphoedema in a middle-aged male patient. D-E:

Synophrys in the case of a young female and male patient.

4.2.4. Dermoscopic features of angiokeratomas

A total of 135 dermoscopic images of angiokeratomas were analyzed, and we evaluated
the vascular architecture, coloration, and the presence of a whitish veil. Our classification
of vascular structures encompassed four main types: glomerular, lacunar, dot-like, and
linear-irregular (Figure 18.). Glomerular vessels were identified in 30% of the cases,
while approximately two-thirds of the cases exhibited lacunae, and more than half of the

cases manifested as dot-like vessels. Notably, the co-occurrence of lacunae and dot-like
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vessels was a prevalent observation, with 44% of the examined cases displaying both
features. The presence of a whitish veil, corresponding to overlaying hyperkeratosis, was
detected in only 25% of the cases examined. Furthermore, structureless milky-red areas
were discernible in 26% of the cases, where neither vascular structures nor the
hyperkeratotic whitish veil could be observed. The color of the lesions was dark purple
or red in the majority of cases, accounting for two-thirds of the observations. Bright red
vasculature was observed in 18% of cases, while in 16% of cases, lesions exhibited both
colors simultaneously. Dermoscopic examination of palmoplantar and intraumbilical
lesions revealed a consistent, uniform appearance characterized by dot-like vessels and
small lacunae across patients (Figure 19.) Given the monomorphic nature of these sites,

they were excluded from the aforementioned dermoscopic structural evaluation.
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Figure 18. Dermoscopic features of angiokeratomas in Fabry disease. Blue arrows: dot-
like vessels, green arrows: red or purple lacunae, white asterisk: whitish veil, blue
asterisk: crusting, red arrow: glomerular vessels, yellow arrow: linear-irregular vessels,
pink asterisk: milky red areas. A: solitary, macular angiokeratoma on the upper arm of
a young female patient B: diffuse macular angiokeratomas on the thigh of a young boy
C: macular and papular angiokeratomas on the thigh of a young boy D: papular
angiokeratomas with crusting on the thigh of a young boy E-F: papular, hyperkeratotic
angiokeratomas among macular angiokeratomas on the trunk of male patients G:
macular angiokeratoma on a female patient H-K: solitary, papular angiokeratomas on

female patients localized on the upper trunk and arms
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Figure 19. Angiokeratomas on the fingertips (A) and in the umbilicus (B-C). Blue arrow:

dot-like vessels.

4.2.5. Dermoscopic features of other vascular structures

Apart from angiokeratomas, other vascular malformations such as hemangiomas and
telangiectasias were frequently observed (Figure 20.). Distinguishing hemangiomas from
angiokeratomas could be accomplished by identifying proliferative capillaries and white

septae.

Figure 20. Dermoscopy of other vascular lesions in Fabry disease. A: hemangioma
among macular angiokeratomas on a male patient, B: hemangioma on a female patient,
note the fibrous septae and bright red lacunae C: spider nevus on a young boy, D: dilated

veins on the chest of a male patient.
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4.2.6. Nonlinear microscopy of angiokeratomas

Skin biopsies obtained from individuals diagnosed with FD were subjected to NLM
evaluation to investigate the underlying pathological changes. Additionally, a biopsy
sample of a hemangioma was utilized for the purpose of differential diagnosis. The skin
tissue sections, previously preserved in formalin and embedded in paraffin, were
deparaffinized and subjected to analysis using TPF and SHG techniques. Through this
assessment, two-dimensional vertical cross-section mosaic images were acquired to
emulate traditional histology. The SHG signal, displayed in magenta color, facilitated the
visualization of collagen fibers within the dermal layer. Conversely, the TPF channel,
depicted in green, highlighted the presence of keratinocytes in the epidermis, while the
green lamellar structures corresponded to the stratum corneum in both samples. Notable
morphological variations were observed, including hyperkeratosis and dilated blood
vessels in the epidermis of angiokeratomas. Conversely, in the case of hemangioma,
hyperkeratosis was absent, and the vasculature was not restricted to the epidermis and
papillary dermis. Furthermore, the vessel morphology differed, characterized by smaller,

proliferative capillaries (Figure 21.).
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Figure 21. Morphologic comparison of angiokeratoma and hemangioma with ex vivo
nonlinear microscopy. Nonlinear microscopic images were captured for an
angiokeratoma (A, C) obtained from our cohort of patients, as well as for a hemangioma
serving as a reference for differential diagnosis (B, D). In the angiokeratoma sample (A,
C), notable features included a hyperkeratotic surface and dilated capillaries primarily
limited to the papillary dermis. Conversely, in the hemangioma sample, the capillaries
extended further towards the subcutaneous tissues. The angiokeratoma displayed ectatic
and dilated vessels (C), with a transition to normal vessel morphology upon descending
deeper into the dermis. In contrast, the hemangioma sample was characterized by
smaller-diameter vessels that were separated by thin fibrous septae (depicted as collagen
fibers in pink) (D). Hematoxylin-eosin stained sections of the angiokeratoma (E) and
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hemangioma (F). The angiokeratoma features dilated vessels with acanthosis. The
hemangioma presents with multiple vascular spaces and normal epithelium. Scale bar:
420 um (4-D) 200 um (E-F)

4.2.7. Multispectral imaging

Utilizing multispectral diffuse reflectance and autofluorescent imaging techniques,
angiokeratomas are identifiable as regions of low intensity in comparison to the
surrounding healthy skin, particularly evident in the green and autofluorescence channels.
Notably, the subepidermal vasculature in the background is more discernible, especially
in the autofluorescence channel, as well as in the green channel, compared to dermoscopic
images (Figure 22.). When considering papular angiokeratomas, the affected areas
demonstrate diminished signals of diffuse reflectance when using infrared illumination.

On the other hand, macular angiokeratomas do not exhibit reduced diffuse reflectance

under the same circumstances.

Figure 22. Representative images of angiokeratomas with different morphologic features
were captured using multispectral imaging, and a comparison was made with

dermoscopic images of the selected lesions. A) solitary macular, B) solitary papular, C)
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clustered macular, and D) clustered papular and macular angiokeratomas. Each panel
consisted of diffuse reflectance images at three different wavelengths: 663 nm (red light,
upper left image), 526 nm (green light, lower left image), and 964 nm (infrared light,
upper right image). Additionally, autofluorescence images were obtained using 405 nm
light-emitting diode (LED) excitation (lower right pictures). Dermoscopic images were
positioned on the right side of each panel to facilitate comparison.
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5. DISCUSSION

Genodermatoses encompass a wide range of genetically inherited disorders that affect the
skin. The diagnosis of genodermatoses often requires a multidisciplinary approach and
the integration of clinical, laboratory, and genetic information. Genetic testing may
include targeted mutation analysis, as done in FD and next-generation sequencing
techniques, or chromosomal microarray analysis as utilized in the case of several
ichthyoses. Next-generation sequencing has revolutionized genetic diagnostics by
enabling simultaneous analysis of multiple genes associated with genodermatoses,
providing a comprehensive approach to identify pathogenic mutations (36). Accurate
diagnosis is essential for guiding appropriate management strategies, providing genetic
counseling, and offering insights into the natural history of the condition. Novel
advancements in genomic technologies and our understanding of genetic mutations
associated with genodermatoses continue to enhance diagnostic accuracy, enabling earlier
identification and intervention for affected individuals. It is important to note that the
availability and affordability of genetic testing can vary depending on the specific
condition and the healthcare setting. In some cases, genetic testing may not be readily

accessible or may be reserved for specific situations where clinical suspicion is high.

In recent decades, significant advancements have been made in refining the diagnostic
approaches for genodermatoses. Nonetheless, there remains a compelling interest in

comprehending the optical changes of the skin associated with these diseases.

Optical imaging techniques have emerged as valuable tools in the diagnosis, monitoring,
and management of various diseases in the field of dermatology. Non-invasive imaging
methods could provide detailed information about the skin structure, function, and
molecular composition, aiding in the understanding and characterization of various skin

disorders.

Here, we used in vivo MSI and ex vivo NLM for the assessment of a keratinization
disorder, a rare case of El and FD, thus expanding the knowledge of the possible use of

these tools in genodermatoses.

El is a group of rare genetic diseases with diverse phenotypes caused by autosomal
dominant mutations in suprabasal epidermal cytokeratin genes (KRT1 or KRT10). El
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affects approximately 1 in 300,000 individuals, with 50% of cases resulting from
inheritance and the remaining cases arising from de novo mutations (37). Our patient's
parents lacked a history of keratinization disorder, and genetic analysis revealed no
abnormalities in their allelic composition. Thus, it is likely that the patient acquired either
a spontaneous mutation or a germline mutation from one of the parents. We identified a
€.1436T>C mutation in the KRT1 gene, resulting in an amino acid change from isoleucine
to threonine in the helix termination motif (2B) of keratin 1. Mutations affecting such
conserved regions are typically associated with severe forms of EI due to their importance
in keratin assembly and filament formation. However, the ¢.1436T>C mutation has been
reported to cause both severe and mild phenotypes of El, including annular erythema
ichthyosis (AEI, OMIM: 607602) (38, 39). Although AEI and major EI types share
common initial symptoms at birth, such as blistering and erosions, they diverge in
subsequent manifestations, with AEI displaying a milder phenotype (39). While our
patient did not exhibit the typical features of AEI, which include recurrent episodes of
annular erythematous lesions alternating with periods of near-clear skin, they did
experience cutaneous symptoms characterized by intermittent relapses and remissions.
The reported instances of the p.lle479Thr mutation have been linked to severe
palmoplantar keratoderma (PPK), regardless of the specific subtype of EI. Thus far, two
families have been reported as exceptional cases of epidermolytic PPK, characterized by
the presence of the identical KRT1 mutation, in which cutaneous symptoms were
relatively mild apart from PPK extending beyond the boundaries of the palms and soles
(40). In contrast, typical epidermolytic PPK associated with KRT9 mutations is
characterized by hyperkeratosis limited to the palmoplantar surfaces, respecting their
margins. Consistent with these reports, our patient's PPK worsened over time, and the
same heterozygous 21-bp in-frame deletion in exon 9 of KRT1, Gly553-Tyr559del was
observed in both the patient and his mother, similar to the two previously reported
families with atypical PPK (40). This deletion is known to cause size polymorphism of
keratin 1, with a frequency of 39% in the general population (35).The genotype-
phenotype correlation in PPK within the context of El is well-established, primarily
associated with KRT1 mutations rather than KRT10 mutations (41). However, our case
suggests that the correlation between genotype and other skin manifestations, such as

hyperkeratosis, blistering, erythema, and disease severity, is not consequent. The
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observed weak association is hypothesized to be influenced by yet undisclosed genetic
and epigenetic factors (39). Although genetic testing is the primary method for diagnosing
ichthyoses, conventional histology is commonly utilized as a supplementary approach in
cases where genetic analysis is inconclusive or inaccessible. Our study aimed to explore
alternative optical imaging modalities for the diagnosis of keratinization disorders, in
addition to conventional histology. Keratins, along with lipids, collagen, and elastin, are
significant fluorophores in the skin, making them suitable targets for imaging techniques
The optical properties of skin, including light absorption and emission, are significantly
influenced by the composition, distribution, and abundance of fluorophores and
chromophores. Consequently, biological processes that alter these fluorophores and
chromophores can lead to changes in the optical properties of the tissue (42). The
investigation of changes in tissue autofluorescence has garnered significant attention in
the context of skin cancer research and diagnostics (25, 28, 32, 43). Moreover, its
application is gradually expanding to encompass the research of rare diseases such as
pseudoxanthoma elasticum (26). Autofluorescence imaging under narrow-band LED
illumination was used to compare skin lesions in our patient with a healthy control.
Hyperkeratosis exhibited a strong autofluorescence signal under 405 nm LED excitation,
attributed to the abundance of keratin (44). However, it is worth noting that the entirety
of the signal may not originate solely from keratin, as other fluorophores such as lipids
may also be implicated (45). While the precise mechanism behind the heightened
autofluorescence is uncertain, the impact of hyperkeratosis on intrinsic autofluorescence
alterations was significant in our case. Autofluorescence patterns in skin samples with
varying keratin content, including hand callus, palmar skin, and thin forearm skin were
investigated under different excitation wavelengths (46). Emission and excitation scans
revealed notable differences between forearm skin and callus, primarily attributed to
increased keratin content, while normal thickness palmar skin and callus displayed similar
autofluorescence patterns (46). Alterations in autofluorescence have been observed in the
context of inflammatory skin diseases, including psoriasis and atopic dermatitis, when
examined using 408 nm LED excitation. These studies have demonstrated the utility of
autofluorescence as a valuable tool for enhancing diagnostic accuracy. Specifically, the
heightened autofluorescence intensity observed in psoriasis has been attributed to

abnormal keratinization, along with other contributing factors such as elevated levels of
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involucrin and increased collagen production, as suggested by the authors (47). However,
it is noteworthy to mention that autofluorescence signals generated by LED excitation
originate from different tissue layers, potentially causing interference (48). The presence
of a hyperkeratotic epithelial layer can potentially diminish the autofluorescence signal
from the underlying tissue by impeding the penetration of the excitation light (44). NLM
can overcome this limitation by providing optical sectioning, allowing the separation of
autofluorescence signals from different tissue layers. Different NLM techniques, such as
TPF and SHG, enable selective visualization of various tissue components. However, the
substantial thickness of hyperkeratosis in our plantar keratoderma sample greatly
hindered the depth of penetration. While the papillary dermis was discernible in the
vertical images of the skin section, it was inaccessible through horizontal optical
sectioning of the fresh skin biopsy sample due to the scattering effect caused by keratin.
In the healthy control, the normal structure of the epidermis enabled clear visualization
of the papillary dermis, thus this approach holds potential value in diagnosing cutaneous
disorders that do not involve a hyperkeratotic epidermis. While obtaining a biopsy is
necessary for vertical imaging using NLM, it offers a more intricate depiction of the
corneal layer in comparison to traditional histology. Consequently, it holds potential

value in diseases that impact the stratum corneum.

In the context of FD, MSI was also employed, with the inclusion of more excitation
wavelengths. Autofluorescent and green light excitation, where the absorption of
hemoglobin played a significant role, allowed enhanced distinction of the background
vasculature compared to dermoscopy. However, it should be noted that the imaging
device utilized in this study had lower resolution and magnification capabilities, resulting
in less detailed visualization of vascular structures. In addition to the wavelengths used
in the EI case, we also incorporated infrared and red excitation. Specifically, under
infrared illumination, papular angiokeratomas exhibited regions of low diffuse
reflectance signals, potentially indicating deeper involvement of the lesions. Similar
observations were made in cases of melanomas with varying degrees of invasion depth
(49). In the case of NLM investigations in the context of FD, we only utilized paraffinized
and deparaffinized angiokeratoma samples for vertical imaging. In contrast to the EI case,
a 525/50 nm (green) bandpass filter was used for the detection of the TPF signal instead

of a 590/45 nm (orange) filter based on preliminary measurements on native blood, where
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blood cells showed strong TPF signal. Using morphological features akin to conventional
hematoxylin-eosin staining, we were able to distinguish between angiokeratomas and
hemangiomas. Notably, in our experimental setup, vascular spaces appeared as black
lumens due to the specific sample preparation procedure. To simulate an in vivo imaging
approach without potential modifications from paraffination and deparaffination
procedures, the use of fresh frozen samples could be considered as seen in our El case.

In addition to the evaluation of these optical imaging modalities, we also aimed to
examine the clinical heterogeneity and diagnostic challenges of FD from a dermatologist
perspective and also to evaluate the dermoscopic findings of angiokeratomas in our FD

patient cohort.

FD is the most common lysosomal storage disease with a clinically heterogeneous
presentation regarding both cutaneous and extracutaneous manifestations. The diverse
clinical presentation of the disease can contribute to delays in diagnosis, thereby
hindering the prompt initiation of disease-specific treatment. In the absence of appropriate
interventions, the disease can progress to a state of advanced organ dysfunction,
ultimately resulting in end-organ damage and premature mortality. Skin manifestations
occur frequently and typically serve as an early indication of the disease, underscoring
the pivotal role of accurate assessment of cutaneous signs in facilitating early suspicion
of FD. ACDU is considered the primary cutaneous manifestation of FD, although less
common cutaneous signs such as abnormalities in sweating, other vascular lesions, and
facial dysmorphia may also be observed. In our cohort of patients, the prevalence of
angiokeratomas was higher, with 92% of patients exhibiting this condition, compared to
the literature where angiokeratomas were observed in 69% of patients (15). In our patient
group, we observed a higher likelihood of angiokeratomas occurring in the typical bathing
suit distribution in males, whereas females predominantly exhibited angiokeratomas on
their trunk and extremities, which aligns with existing literature on the subject (50). Based
on our findings, a mere 38% of our patient group, predominantly males, exhibited
multiple clustered angiokeratomas in the bathing suit distribution. The remaining
approximately two-thirds of the patients either displayed minimal or no angiokeratomas,
or showcased atypical angiokeratomas in terms of their distribution and appearance.
These findings indicate that slightly over one-third of our cohort exhibited the clinically
evident phenotype of ACDU, while the majority of cases presented with less conspicuous

50



features that could pose a challenge for diagnosis. This observation emphasizes the
extensive variability in the presentation of angiokeratomas in FD beyond the classic
manifestation of ACDU. Furthermore, irrespective of their distribution, incipient,
macular angiokeratomas are less perceptible and may be inadvertently disregarded
without a comprehensive dermatological evaluation or by less proficient practitioners,
leading to a delay in diagnosis. While we observed great clinical variability regarding the
distribution, number and morphology of angiokeratomas, we could observe intrafamilial
resemblances. Specifically, a mother and her son, as well as a family of middle-aged
brothers, displayed only a limited number of angiokeratomas (<5) outside of the bathing
suit distribution. In another family, two middle-aged brothers showed incipient

angiokeratomas in the bathing suit distribution.

Although most individuals in our patient cohort exhibited an atypical form of ACDU, it
is noteworthy that this group also displayed additional cutaneous manifestations of FD,
such as hypohidrosis. Consequently, the coexistence of these less apparent/distinctive
cutaneous signs, in conjunction with extracutaneous manifestations, holds the potential
to facilitate the recognition of the disease, even in the absence of the characteristic ACDU
presentation.

Hypohidrosis was seen in 42% of our patients affecting 21.4% of female patients and
66.7% of male patients, aligning closely with the prevalence rates reported in the existing
literature (17). Hyperhidrosis was present in 30.8% of our patients affecting 35.7% of
women and 16.7% of men. Consistent with previous studies, a higher prevalence of
hyperhidrosis was noted among women in the literature. However, in our specific patient
group, the occurrence of hyperhidrosis was even more frequent (17). Telangiectases were
observed in 57.7% of our patient group, affecting 50% of males and 64.3% of female

patients, which was higher than in the literature (17).

In our study, we identified synophrys in 16% of the cases and propose it as a novel
cutaneous manifestation of FD. Although synophrys can be considered a normal variant
in certain ethnicities (51), it may also indicate the presence of other lysosomal disorders
(52). Furthermore, varicose veins were identified in nearly half of our patient cohort,
including two younger individuals of 12-14 years of age as well. The occurrence of

varicose veins showed an equal gender distribution in our group in contrast to the general
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population where a female predominance can be seen (53). To our knowledge, only two
case reports have previously documented the presence of varicose veins in FD. In one
instance, a patient exhibited bilateral leg ulcers at an early age, and upon venography,
venous reflux and varicose veins were observed. Subsequent investigation of the family
history led to the diagnosis of FD (54). In another case report, the presence of lower
extremity varicose veins was only briefly mentioned (55). Although the impact of Gb3
accumulation on venous tissue remains insufficiently explored, our hypothesis suggests
that venous insufficiency in the lower extremities could be a prevalent yet overlooked

manifestation of FD.

We conducted an analysis of 135 dermoscopic images of angiokeratomas in 24 patients,
which, to the best of our knowledge, represents the most extensive collection of such
images in the literature. The angiokeratomas in our cohort were predominantly
characterized by the presence of dark red lacunae, with a frequent occurrence of dot-like
vessels. Notably, we observed that the whitish veil, previously reported to be present in
77% of cases according to the literature (56), was only found in 25% of our cases. The
reason for this low frequency could be due to the large number of incipient, macular
angiokeratomas in our group. However, it is important to acknowledge that dermoscopy
exhibited considerable variability in the assessment of these lesions, particularly in the
case of atypical and solitary angiokeratomas, where glomerular and irregular vascular
structures were more commonly observed. Overall, dermoscopy proved to be a valuable
tool for the examination of early-stage macular angiokeratomas and for the evaluation of

lesions in the navel.

The emergence of disease-specific therapies created a need for assessing their
effectiveness, and skin manifestations could potentially be a viable option for evaluating
treatment outcomes due to their easy accessibility. However, the literature regarding the
impact of ERT on angiokeratomas is conflicting. Electron microscopy revealed the
complete elimination of Gb3 from the superficial capillary endothelium in the skin after
five months of ERT (57). However, the impact of enzyme replacement therapy on the
vasculopathy observed in FD seems to be minimal. Although prolonged ERT has the
potential to halt the advancement of angiokeratomas and may promote partial regression,
the complete resolution of angiokeratomas should not be anticipated (18). Nevertheless,

there have been instances where angiokeratomas exhibited remission following long-term
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therapy (58), so the monitoring of angiokeratomas for the evaluation of treatment might
not be feasible.

Overall, our studies provide insights into different genetic skin diseases, their clinical
manifestations, challenges in genotype-phenotype correlations, and potential diagnostic
approaches. They underscore the importance of multidisciplinary care involving genetic
testing, counseling, and specialized imaging techniques in improving the diagnosis and

management of these disorders.

We implemented ex vivo NLM and in vivo MSI to visualize keratin in a rare case of KPI.
NLM offers high-resolution imaging at the cellular level, with the ability to optically
section the sample. However, the presence of hyperkeratosis can impede NLM imaging
when using fresh biopsy samples. Additionally, the high cost of NLM limits its
accessibility to a small number of facilities. As an alternative, autofluorescence imaging
under narrow-band LED excitation presents a cost-effective and user-friendly in vivo

method for diagnosing keratinization disorders.

Angiokeratomas serve as crucial indicators of FD and play a significant role in screening
and establishing its diagnosis. The prompt identification of the disease is vital to halt its
progression and avert potentially life-threatening complications. The presence of diffuse
angiokeratomas should raise suspicion among physicians, prompting further investigation
for FD or other storage disorders. Nevertheless, our observations in the patient group,
particularly among females, revealed instances where angiokeratomas exhibited an
atypical distribution, affecting various skin sites and manifesting as solitary lesions
instead of clustered formations, thereby posing challenges in diagnosis. We wish to
underscore the importance of employing dermoscopy as a valuable diagnostic tool, as it
enables the detection of incipient angiokeratomas and intraumbilical angiokeratomas that
might otherwise be overlooked. Furthermore, emerging optical modalities such as MSI

and NLM hold promise in facilitating the diagnosis of atypical cases.
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CONCLUSIONS

e We utilized MSI in a case of El caused by KRT1 gene mutation. When subjected
to 405 nm LED excitation, hyperkeratosis showed a higher autofluorescence
response compared to healthy skin.

e We used ex vivo NLM modalities with a particular focus on the visualization of
alterations brought on by epidermolytic hyperkeratosis. In the case of horizontal
imaging with NLM on fresh frozen El biopsy sample, the presence of thick
hyperkeratosis and the strong autofluorescence of keratin posed challenges in
visualizing the papillary dermis. The assessment of vertical sections of the El with
NLM provides a detailed label-free imaging of the epidermal layers.

e Upon the MSI assessment of angiokeratomas in FD, angiokeratomas can be
recognized as areas of reduced intensity compared to the surrounding healthy skin,
which is particularly noticeable under 526nm and 405 nm LED illumination. It is
worth noting that the subepidermal blood vessels in the background are more
distinguishable, particularly in these channels, in contrast to dermoscopic images.
Additionally, upon 964 nm infrared illumination of papular angiokeratomas, the
lesions display diminished diffuse reflectance signals. In contrast, macular
incipient angiokeratomas do not exhibit reduced diffuse reflectance under the
same circumstances, which might be due to the thickness of the lesion.

e We assessed an angiokeratoma from a FD patient and a hemangioma from a
healthy control with ex vivo NLM. We observed significant differences in
morphology, the angiokeratoma exhibited hyperkeratosis and ectatic, enlarged
blood vessels within the epidermis. In contrast, the hemangioma lacked
hyperkeratosis and the vasculature characterized by smaller, proliferative
capillaries was not limited to the epidermis and papillary dermis.

e Angiokeratomas were present in 92% of our FD patient cohort, which was a
considerably higher ratio compared to the literature. Only 38% of the patients,
mainly males, presented the typical form of ACDU in the bathing suit distribution.
While the majority of individuals in our group of patients presented

angiokeratomas in an atypical distribution or appearance.
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Dermoscopy can have a notable benefit in the assessment of incipient
angiokeratomas. While dermoscopic images of angiokeratomas also showed great
variability. Angiokeratomas in our patient group primarily showed the presence
of dark red lacunae, often accompanied by dot-like vascular structures. The
whitish veil corresponding to hyperkeratosis was only observed in 25% of our

cases, which was considerably less frequent, than reported in the literature.
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7. SUMMARY

Although notable advancements have been made in improving the diagnostic methods for
genodermatoses, there remains a strong interest in understanding the optical changes in
the skin in these conditions. Diseases affecting the fluorophores of the skin can alter its
optical properties. Optical imaging modalities are invaluable tools in dermatology for
diagnosis, monitoring, and treatment. We assessed a rare case of El and a cohort of FD
patients using MSI and NLM. In the case of El, the autofluorescence intensity in the
thickened skin on the palms was significantly higher than in healthy skin. Using NLM for
vertical imaging on fresh frozen EIl biopsy samples posed challenges in visualizing the
papillary dermis due to the hyperkeratotic epidermis. Nevertheless, NLM provided
comprehensive visualization of the epidermal layers. During the assessment of
angiokeratomas in FD using MSI, subepidermal blood vessels in the background were
more distinguishable, particularly in the 405 nm autofluorescence and 526 nm green
channels, compared to dermoscopic images. Papular angiokeratomas exhibited decreased
diffuse reflectance signals under 964 nm infrared illumination, while macular
angiokeratomas did not display such reduction, potentially due to lesion thickness. Using
NLM, we observed notable morphological differences between the angiokeratoma and
hemangioma samples. The angiokeratoma showed hyperkeratosis and enlarged blood
vessels within the epidermis, whereas the hemangioma lacked hyperkeratosis, and the
vasculature extended beyond the epidermis and papillary dermis. In our FD patient
cohort, we observed more angiokeratomas compared to the literature data. However, we
noticed significant clinical variability in the appearance and distribution of
angiokeratomas. Males often presented clusters of angiokeratomas in the bathing suit
distribution, while females tended to have solitary angiokeratomas on the trunk and
extremities. We evaluated 135 dermoscopic images of angiokeratomas. Dark red lacunae
and dot-like vascular structures were the most frequently observed structures, while the
whitish veil was present in a considerably lower fraction of cases compared to the
literature. Only 38% of patients, mostly males, showed the typical form of ACDU. The
majority of patients presented with unconventional forms of ACDU or minimal/no
angiokeratomas but displayed other skin signs of FD. These additional skin

manifestations can aid the diagnosis even in the absence of characteristic ACDU.
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