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Purpose of review

To summarize the current knowledge on the morphology, functionality and biochemical composition of the
skin in allergic reactions. We address novel noninvasive techniques that promise to disclose intimate
mechanisms of skin allergy in vivo. Epidermal barrier is not just a static wrap of the organism but rather a
dynamic field for immunological, biophysical and biochemical processes and serves as a bio-sensor for

exogenous danger signals.

Recent findings

Classical biophysical methods are amended by novel in-vivo techniques, such as Raman spectroscopy,
analysing the skin microcomposition and develop epidermal profiles. Visualization techniques, such as
reflectance spectroscopy and optical coherence tomography (OCT) are employed in studying the micro-
morphological changes in the skin of allergic patients.

Summary

The noninvasive assessment of skin functions, micro-morphology and biochemical as well as immunological
pathways will help to better understand skin allergies. They will allow to detect subtypes, for example in
atopic dermatitis and to develop specific treatment modalities.
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Skin barrier with its most significant component,
the stratum corneum, accomplishes competent pro-
tective function in healthy skin. Since its early
introduction in the 1920s, the concept of the
hydro-lipid acidic mantel of the skin has evolved
[1]. Now we look at the stratum corneum as an active
regulator of metabolic processes and functions.
When the epidermal barrier is impeded, uncon-
trolled loss of water and electrolytes from the skin
surface takes place facilitating the penetration of
exogenous agents.

Atopic dermatitis is a model for impeded epider-
mal barrier function. It is a chronic inflammatory
condition with high and increasing prevalence in
the past decades [2]. Despite that the most prevalent
outbreaks are in childhood, recent studies showed a
high persistence in adulthood. [3]. The classic
understanding of the disease pathophysiology
involves Th2 immune dysregulation [4]. Since the
discovery of the loss of function mutations in filag-
grin genes in 2006 [5] the outside-in concept of
atopic dermatitis pathogenesis has been introduced
[6]. According to it, an epidermal barrier defect is
requested to unlock to systemic inflammatory
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response in atopic dermatitis. Furthermore,
impaired barrier-activated Th2 response predisposes
to the development of food allergy and atopic
march, that is asthma and allergic rhinitis [7,8].
Epidermal barrier disturbances with increased
transepidermal water loss (TEWL) and decreased
stratum corneum hydration have been demon-
strated not only in the lesional skin of atopic der-
matitis patients but also in clinically health
uninvolved skin [9]. This corroborates the concept
of persistent subclinical inflammation in clinically
healthy atopic skin and a proactive therapy in atopic
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Skin allergy

KEY POINTS

e Allergy is a dynamic field and novel noninvasive
techniques have been employed in studying skin
allergic reactions

e The dllergic skin possesses distinct morphological,
functional and biochemical differences in comparison
to healthy skin

e The most investigated morphological methods include
OCT and reflectance spectroscopy

e Classical biophysical methods, such as assessment of
transepidermal water loss, stratum corneum hydration
and surface pH are employed in skin allergy

e Raman spectroscopy is a reliable in-vivo method for
the detection of the biochemical composition
in diseases

dermatitis [10]. In this review we address the classi-
cal noninvasive methods such as TEWL and stratum
corneum hydration assessment together with novel
techniques, for example in-vivo Raman confocal
microspectroscopy (RCM), optical coherence
tomography (OCT) and lipid analysis, assessing
structural and functional abnormalities in atopic
dermatitis. Figure 1 summarizes the morphological,
functional, biochemical and genetic parameters
that are altered atopic skin.

MORPHOLOGICAL CHANGES IN ATOPIC
DERMATITIS

Reflectance spectroscopy

Reflectance spectroscopy is used in dermatology
since approximately 10 years and has gained broader
importance in noninvasive diagnostics of superficial
skin cancer in the last 5 years. A customized reflec-
tance probe for measurements in the near infrared
region was used in efficacy testing of an emollient in
eczema and atopic dermatitis. The authors showed
increase in skin water content. The limitation of this
study is the low number of volunteers and the lack of
an adequate control group [11].

Gonzalez et al were one of the first to describe
the features of irritant contact dermatitis (ICD) and
allergic contact dermatitis (ACD) with reflectance
spectroscopy [12,13]. They showed in 18 partici-
pants increased epidermal thickness mainly present
in ICD, whereas ACD was characterized by micro-
vesicle formation most prominent at 96 h following
patch removal. Both ACD and ICD showed similar
degree of exocytosis and spongiosis [12].

Sambacher et al. examined 12 patients with ACD
using RCM, compared with classical H&E stained
biopsies [14]. They analysed 22 lesions from 12
patch test patients. All ACD cases presented epider-
mal spongiosis, increased vascularization and
inflammatory infiltrate. These features were most
prominent in the stratum spinosum and granulo-
sum. Depending on the severity of the patch test
reaction, multiple microvesicles at the level of the
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FIGURE 1. Summarizing the basis of a competent epidermis and their alteration in atopic dermatitis including morphology,

function, biochemistry, immunology and genetics.
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stratum spinosum and granulosum were described
in 17 of the 22 lesions. Densely packed, bright,
roundish RCM structures at the stratum corneum
level, corresponding to parakeratosis, were detected
in ACD lesions. Furthermore, all cases with promi-
nent parakeratosis showed the formation of micro-
vesicles/vesicles.

Optical coherence tomography

One of the first studies using OCT was published by
Gamblicher et al.: they were able to characterize
ACD and correlate clinical grading of patch test
reactions with OCT [15]. Twenty positive patch test
reactions showed pronounced skin folds, thickened
and/or disrupted entrance signals and a significant
increase in epidermal thickness. Moreover, clearly
demarcated signal-free cavities within the epidermis
and considerable reduction of dermal reflectivity
were demonstrated. The latter findings strongly cor-
relate with the clinical patch test grading [15].

A multidisciplinary research group from Shef-
field introduced angiographic OCT to assess subclin-
ical atopic dermatitis severity in 32 atopic dermatitis
patients with different local atopic dermatitis severi-
ties [16"]. In atopic dermatitis patients without clin-
ical symptoms, the superficial vascular plexus was
deeper than in healthy patients. Superficial plexus
depth correlated with the local severity of atopic
dermatitis lesions. Additionally, severe atopic der-
matitis showed larger vessel diameter, longer vessel
segment length, higher vessel density and increased
fractal dimension. These parameters provide semi-
quantitative metrics to assess subclinical severity of
local atopic dermatitis severity, thus allowing mon-
itoring of treatment effects past the end-point of
clinical remission.

Aschoft et al. evaluated the atrophogenic poten-
tial of hydrocortisone 1% (HCT) and pimecrolimus
1% with OCT using high-frequency ultrasound as a
comparative method [17]: epidermal thickness ini-
tially decreased in the HCT treated area already after
14 days. After 4 weeks, the epidermal thinning by
HCT was higher (6.1%) than pimecrolimus (2.8%).

Boone et al. used a high-definition OCT (HD-
OCT) a technique based on the principle of conven-
tional OCT in 21 healthy volunteers and compared
it to reflectance confocal microscopy [18]. They
showed a 3-pm lateral resolution of the HD-OCT
by phantom analysis. The identification of cells in
the epidermis was achieved by both techniques.
RCM offers the best lateral resolution, and HD-
OCT has the best penetration depth, providing
images of individual cells deeper within the dermis.
Eccrine ducts and hair shafts can be visualized with
pilosebaceous units depending on skin site. HD-
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OCT provides morphological imaging with suffi-
cient resolution up to 570 pm in depth with the
possibility for three-dimensional imaging [18].

The same group looked into differentiating OCT
patterns of ACD versus ICD [19]. They were able to
differentiate noninvasively the cytological and
three-dimensional micro-architectural differences
in skin reaction patterns between doubtful positive
ACD and ICD in 22 patients with increased epider-
mal thickness observed in ICD. Vesicle formation
and spongiosis was more prominent in ACD both in
the stratum granulosum and the stratum spinosum
especially in the reading after 96 h [19].

Permeability barrier

Atopic skin shows impaired permeability function
corresponding to an increased TEWL. Atopic derma-
titis patients display increased TEWL even at clini-
cally healthy skin when compared to healthy
controls [9]. Others could not confirm the correla-
tion between TEWL values and objective test for
sensitive skin in atopic dermatitis [20]. Recently it
was revealed that atopic dermatitis patients colo-
nized with Staphylococcus aureus show greater skin
barrier impediment, that is, higher TEWL values,
than patient without colonization with the bacte-
rium [21%]. When assessing childhood eczema, a
device-related difference was found between the
correlation of clinical symptoms and TEWL [22].
Finally, elevated TEWL on the forehead of one-
week-old babies was revealed as a predictor for
atopic dermatitis development later in life regardless
of their filaggrin mutation status [23].

Stratum corneum hydration

Atopic dermatitis patients have dryer skin than
healthy person in both lesional and clinically
healthy skin [9]. Capacitance measurement is a
relevant method to discriminate stratum corneum
hydration of lesional, perilesional and noninvolved
skin [24]. A reason for that could be the systemic
subclinical inflammation in uninvolved skin of
atopic dermatitis patients as well as the impaired
filaggrin degradation, which leads to insufficient
components of the natural moisturizing factor
(NMF) of the epidermis [25].

Assessment of stratum corneum hydration is
widely used in cosmetic studies to prove efficacy
of emollients, rinse-off products and topical formu-
lations [26"]. Stratum corneum hydration assess-
ment has been employed in studying the effects
of topical steroids versus calcineurin inhibitors in
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atopic dermatitis [27]. It was shown that topical
steroids but not calcineurin inhibitors interfere with
the barrier properties and can decrease stratum cor-
neum hydration [27]. The guidelines on measuring
skin hydration have recently been updated [28].

Skin surface acidity

The ‘acid mantle’ of the skin is necessary to main-
tain and control bacteriological, chemical and
mechanical resistance [29,30]. In addition to the
traditionally accepted exogenous mechanisms of
skin surface pH formation, three endogenous path-
ways have been proposed: generation of free fatty
acids from phospholipids [31]; generation of cis-
urocanic acid (UCA) by histidase-catalyzed degrada-
tion of histidine [32]; and via a sodium proton
exchanger (NHE1) [33]. Skin acidification is essen-
tial for the epidermal barrier maturation and repair
processes, for example regulation of enzyme activity
exhibiting an acidic pH optimum [34]. Moreover, an
increase of pH leads to degradation of these enzymes
by inducing serine proteases activity [35,36]. Raising
skin surface pH offers optimal conditions for the
enzymatic action of kallikrein 5 (previously named
stratum corneum trypsin-like enzyme) and Kkalli-
krein 7 (stratum corneum chymotrypsin-like
enzyme) [37,38]. An elevation in stratum corneum
pH resulted in reversible increase of the activity of
these enzymes in a mammalian model [35]. It has
been shown that atopic skin displays less acidic
surface pH than healthy skin [39]. This difference
is the basis for impaired skin barrier repair mecha-
nisms in atopic dermatitis as well as a key factor in
the increased desquamation [40]. The clinical obser-
vation of enhanced desquamation during the first
days postpartum can be related to increased activity
of the serine proteases in the more alkaline skin
surface of atopic dermatitis patients. In addition,
filaggrin mutations further contribute to the alkali-
zation of the skin surface [41].

Acidification of stratum corneum prevents the
progression from atopic dermatitis to respiratory
allergy [42""]. Decreasing the surface pH by acidic
topical preparations has been shown effective in the
enhancement of the skin barrier function in both
humans and murine models of atopic dermatitis
[43-45]. The clinical implication of this can be
the development of more acidic topical formula-
tions for atopic dermatitis [46].

Blood flow/microcirculation

Laser Doppler and laser speckle imaging can be used
for blood flow mapping and imaging in the skin [47].
Skin blood flow reflects the level of inflammation. By
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means of two-photon microscopy the three-dimen-
sional morphology of the skin blood vessels has been
monitored in atopic dermatitis [48]. Thickened, flex-
uous blood vessels, associated with increased blood
flow, in both erythematous and nonlesional areas
were observed [48]. Neoangiogenesis and lymphan-
giogenesis have been linked to high levels of vascular
endothelial growth factors-A and correlate with dis-
ease activity [49]. Circadian morning-to-evening dis-
crepancies in the skin blood flow have been described
in atopic dermatitis with a peak in the evening [50%].
This influences the penetration of topically applied
substances [51].

Sebum secretion

Decreased levels of sebum secretion have been wit-
nessed in atopic dermatitis [52]. Different methods
have been employed in the assessment of sebum
lipids including sebumetry and the self-assessment
tool — sebum check film [53]. A good correlation
between the devices was evident showing decreased
levels of sebum lipids in atopic dermatitis patients
[53]. Deficient production of hexadecenoic acid, a
sebum component, is associated with the vulnera-
bility of atopic dermatitis patients to colonization
by Staphylococcus aureus [54]. In addition, sebum
components are important precursors of glycerol
synthesis in the skin, a key player in the mainte-
nance of skin hydration [55]. Hence, perturbed
sebum secretion results in clinically dry skin in
atopic dermatitis.

Eccrine sweating

The role of sweat in atopic dermatitis has been
underestimated. By means of impression mold
technique it was shown that sweating markedly
decreased even in the earliest asymptomatic stage
of atopic dermatitis, and the decrease was followed
by compensatory hyperhidrosis at the ridge: leak-
age of sweat into the dermis could represent the
initial event resulting in the decreased sweating
and inflammation [56]. On the other hand, atopic
dermatitis patients display hyperhidrosis and a
dysfunction of sudomotor activity in the sympa-
thetic nervous system witnessed by prolonged
latency period of sympathetic skin response test
[57%,58]. Homologous proteins of MGL_1304 pro-
duced by Malassezia globose, identified as the
major histamine releasing antigen in human sweat,
have been revealed as potential sensitizers and can
explain the sweat exacerbations of atopic dermati-
tis [59"]. Sweat management for patients with
atopic dermatitis is useful regardless of sweat
allergy [607].
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Biochemistry

Simpson et al. used several classical noninvasive
instruments and Raman spectroscopy, to demon-
strate an improvement of skin barrier function in 20
patients with controlled atopic dermatitis [61]. Top-
ical moisturizer containing a ceramide precursor
was applied twice per day on one leg versus the
untreated opposite leg for 28 days. A reduced TEWL
and clinical dryness scores, and increased skin
hydration could be shown. Raman spectroscopy
revealed a higher level of ceramide content at a
depth of 5 and 10 pm [61]. The major drawback of
this study is the lack of an adequate control of a
cream not containing a ceramide precursor.

Gonzalez et al. used Raman spectroscopy for the
early detection of filaggrin-related atopic dermatitis
[62]. They monitored 12 infants over one year. Three
of them developed atopic dermatitis. The infants
with a lower FLG content developed atopic derma-
titis. This study should be confirmed with a higher
number of infants as well as a genetic analysis for
FLG-mutations.

The same group confirmed the 2282del4 and
R501X mutations present in the European popula-
tion in Mexican-mestizo patients with major com-
plaints of pruritus and dry skin [63]. Eight out of the
19 patients with filaggrin gene mutations presented
lower filaggrin concentrations using the vector cor-
relation of their in-vivo skin Raman spectra.

Mischo et al. performed an ex-vivo analysis with
Raman microspectroscopy in atopic dermatitis and
HIV infection patients and age-matched healthy
volunteers [64]. The analysis was performed on
deeper skin layers, viable epidermis and dermis of
47 volunteers. A decrease in lipids within the viable
epidermis for elderly and HIV-patients was detected.
Decreases in lipids and simultaneous increases in
water were demonstrated in the dermis for HIV and
atopic dermatitis patients in comparison to healthy
controls. This might be an explanation for altered
stratum corneum observed in both diseases.

Mlitz et al. analysed the impact of FLG null
mutations on biophysical properties and the molec-
ular composition of the stratum corneum in 99
healthy individuals and 97 atopic dermatitis
patients [65]. Stratum corneum concentrations of
total NMF, water, ornithine and UCA were signifi-
cantly lower in atopic dermatitis patients than in
healthy controls. Null mutations of FLG were
detected in 4% of controls and 10% of atopic der-
matitis patients. FLG mutations were associated
with increased stratum corneum levels of lactate,
reduced concentrations of most other NMF compo-
nents especially with higher disease severity in
atopic dermatitis patients. In atopic dermatitis
patients without FLG mutations, the content of
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NMEF constituents decreased with increasing disease
severity. The concomitant presence of low concen-
trations of NMF components in the stratum cor-
neum was associated with FLG mutations with
92% specificity. This study is based on a large cohort
using Raman Spectroscopy and genotyping for
FLG mutations.

Janssen et al. studied in a case—control study the
lipid/protein ratio and the total dry stratum cor-
neum mass per surface area related to the skin
barrier function of 28 patients with atopic dermati-
tis (14 carried at least one prevalent FLG null allele;
11 suffered from eczema lesions on at least one of
the ventral forearms) and 15 controls [66]. They
determined dry stratum corneum mass by tape-
stripping and Squamescan. The ratio between lipid
and protein bands in the Raman spectrum was used
to determine the lipid/protein ratio. It could be
shown that dry stratum corneum mass per skin area
is altered only in lesional stratum corneum of
patients with adverse event compared with control
patients. The reduction in the lipid/protein ratio in
stratum corneum of patients with adverse event was
more pronounced, both in lesional and nonlesional
stratum corneum and correlated with the skin bar-
rier function and disease severity. The authors con-
cluded that the lipid/protein ratio plays a more
important role in the impaired skin barrier of
adverse event than the stratum corneum thickness.

Specific Raman microspectroscopic NMF signa-
tures of the stratum corneum could be used as
markers of FLG genotype in patients with moder-
ate-to-severe atopic dermatitis [67]. Three subpopu-
lations with FLG genotype were identified by using
Raman spectroscopy. The Raman signature of NMF
discriminated between FLG-associated atopic der-
matitis and non-FLG-associated atopic dermatitis.
Within the subset of FLG-associated atopic dermati-
tis, NMF distinguished between patients with 1
versus 2 mutations. FLG mutations do not influence
TEWL within established moderate-to-severe atopic
dermatitis [67].

The same group investigated stratum corneum
IL-1 cytokine profiles in the uninvolved skin in 137
patients with atopic dermatis with a FLG mutation
versus patients with atopic dermatitis and no FLG
mutation [68]. NMF levels were ascertained using
confocal Raman spectroscopy; TEWL and skin sur-
face pH were measured. IL-1e, IL-1B, IL-18, IL-1
receptor antagonist (IL-1RA) and IL-8 levels were
determined in stratum corneum tape strips from
93 patients. All patients were screened for 9 FLG
mutations. Stratum corneum IL-1 levels were
increased in patients with atopic dermatitis (FLG);
these levels were inversely correlated with NMF
levels. NMF values were also inversely correlated
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with skin surface pH. Atopic dermatitis (FLG) is
associated with an increased stratum corneum
IL-1 cytokine profile [68]. These findings support
the hypothesis that FLG mutations have an influ-
ence on the inflammasome in the pathogenesis of
atopic dermatitis.

Noninvasive assessment of barrier lipids

SadowsKi ef al. studied the epidermal lipid composi-
tion of human skin in quantitative high-throughput
shotgun mass spectrometry-based platform from
tape-stripped stratum corneum skin in 104 healthy
participants from 14 anatomical sites [69"]. Sixteen
lipid classes; total quantification to the level of
individual lipid molecules and relationship between
sampling depth and lipid composition. They
described sebaceous lipids to be a constitute of an
abundant component of the stratum corneum lip-
idome as they diffuse into the topmost stratum
corneum layers forming a gradient. Lipidomic vari-
ability with respect to sampling depth, site and
participant were mainly accredited to sebaceous
lipids, whereas stratum corneum lipids vary less
[697]. Future studies should be performed regarding
lipid profiles of dermatosis with a known defect of
the epidermal barrier.

A recent paper form Jung et al. studied the
effect of topical glucocorticosteroids, namely clo-
betasol propionate, betamethasone dipropionate
(BDP) compared to petrolatum in 16 healthy vol-
unteers using wultrasound, optical coherence
tomography, confocal laser scanning microscopy,
multiphoton tomography (MPT) and resonance
Raman spectroscopy over 4 weeks [70"]. They
could show a reduction in epidermal and dermal
skin thickness in GC on the volar forearm. MPT
analysis showed an increased epidermal cell den-
sity and reduced cell size and nucleusto-cytoplasm
ratio. A restructuration and compression of colla-
gen fibres corresponding to atrophic changes, was
reported [70"].

The same group studied with a similar design
the effect of 4 weeks of topical clobetasol proprio-
nate, BDP or vehicle on stratum corneum lipids
(collected by tape stripping and analysed by a high
sensitivity liquid chromatography-mass spec-
trometry) [71"]. Clobetasol proprionate caused a
reduction in 98 lipids whereas BDP treatment only
resulted in a significant change of 29 lipids. Most
pronounced changes occurred among long chain,
ester-linked, ceramide classes whereas other
ceramide classes were less affected [71%]. This
finding explains, partially, the side effects of topi-
cal glucocorticosteroids on barrier-associated
parameters.
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We reviewed the current knowledge on the nonin-
vasive assessment of morphological, functional and
biochemical composition of the skin in atopic der-
matitis. Classical biophysical methods such as the
TEWL, stratum corneum hydration and surface pH
are established tools. They are amended by novel in-
vivo techniques such as Raman spectroscopy for
skin composition analysis as well as reflectance
spectroscopy and optical coherence tomography
for the assessment of morphological changes of
the skin. The different noninvasive tools to assess
different aspects of skin in atopic dermatitis are
summarized in Table 1.
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Table 1. Summary of the noninvasive tools used in the
different aspects of morphology, function, biochemical and
immunological pathways

Morphology

Morphological patterns Reflectance spectroscopy
Morphological patterns Optical coherence tomography
Morphological patterns High definition ultrasound
Tape stripping Transmition electron microscopy
Stratum corneum thickness Raman spectroscopy
Function

TEWL

Capacitance, conductance

Barrier function

Stratum corneum hydration
Microcirculation/blood flow Laser Doppler, laser speckle
Redness, Mexameter, chromameter

Pigmentation Mexameter, chromameter

Surface pH pH-meter
Biochemistry
Stratum corneum lipids TS + Lipidomic

Sebum lipids TS or extraction

Natural moisturizing factors Raman spectroscopy

Water profile Raman spectroscopy

Protein TS
Immunology
Cytokines Tape stripping + ELISA

Chemokines Tape stripping + ELISA

TEWL, transepidermal water loss; TS, tape stripping.
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