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Abstract: Onychomycosis is the most prevalent nail infection. Although it is not a life-threatening
condition, it impacts the quality of life for many patients and often imposes a challenging diagnostic
problem. The causative agents are dermatophytes, yeasts and non-dermatophytic moulds. Accurate
and early diagnosis, including the identification of the causative species, is the key factor for rational
therapy. Still, early diagnosis is not optimal as the current gold standard for the differentiation of the
infectious agents is culture-based approaches. On the other hand, noninvasive optical technologies
may enable differential diagnosis of nail pathologies including onychomycosis. When light penetrates
and propagates along the nail tissue, it interacts in different ways with the components of either
infected or healthy nail segments, providing a wealth of diagnostic information upon escaping
the tissue. This review aims to assess alternative optical techniques for the rapid diagnosis of
onychomycosis with a potential to monitor therapeutic response or even identify the fungal agent
non-invasively and in real time in a clinical setting.
Keywords: onychomycosis; nails; keratin; Raman spectroscopy; OCT; confocal microscopy

1. Introduction
Onychomycosis is a common, chronic, highly-relapsing fungal nail infection that affects primarily
the toenails [1]. It can impact the structural integrity of the whole nail, the matrix, bed, and nail plate.
Despite being a non-life-threatening condition, onychomycosis influences the patients’ quality of life due
to disfigurement and pain. Additionally, the relation to immunosuppression and other co-morbidities,
like diabetes mellitus [2], upgrades onychomycosis to a significant medical condition rather than a mere
aesthetic problem. Fungal infections represent almost 50% of all nail conditions [3] with a prevalence
varying between 3% and 26% in different populations around the world (4.3% across Europe and
North America) [4]. Principal causative agents of onychomycosis are the dermatophytes, particularly
Trichophyton rubrum, followed by yeasts (predominantly Candida species). The dermatophytes are
specialized pathogenic fungi that digest the hard keratin of nail tissues into short peptides and amino
acids which are further assimilated by the fungi via selective membrane transporters, ultimately
leading to brittle and damaged nails [5]. A main structural component of keratins are cysteine moieties
which confer chemical stability and tissue rigidity through crosslinking of disulphide bonds. The
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secreted proteolytic activity of dermatophytes is manifested by excreting large quantities of sulphite for
cleaving those disulphide bridges. The modified proteins become accessible for further digestion by
various endo- and exoproteases that reportedly act as virulence factors [6]. Non-dermatophytic moulds
are also implicated in the pathogenesis in some cases. The global prevalence of onychomycosis is
expected to increase further due to the ageing of the population and the rising numbers of predisposed
individuals [7,8]. The gold standard for the diagnosis of onychomycosis involves direct microscopic
evaluation of nail clippings and culture of nail samples in specialized media. Culture of tissue probes
permits the identification of the causative organism and confirms its viability in situ [9]. However,
it is time consuming—requiring about 3–4 weeks of incubation—and has lower sensitivity than
microscopy [10]. Although direct microscopy is an inexpensive and widely available diagnostic
technique, its sensitivity is highly operator-dependent [11]. Fungal chitin staining with calcofluor
white can increase the overall sensitivity of the method. Histological investigation of nail plate samples
after PAS staining is an alternative microscopic approach to the diagnosis of onychomycosis. Typically,
these methods are less effective in identifying the culprit fungal pathogen at species level. More
elaborate diagnostic alternatives for onychomycosis include the detection of dermatophyte DNA
by PCR-based amplification [12] and an antibody-based immunochromatography strip method [13].
Recently, Gupta and Nakrieko [14] reported that culture was three to four times more likely to report
false-negative results compared to PCR, highlighting the major setback of false-negative cultures.
Finally, an additional challenge concerns the evaluation of treatment outcome and the follow up of
patients for relapses. There is a need for the evaluation of objective criteria in order to increase the
concordance between the clinical mycological assessment of affected nails (i.e., clinical cure) and the
laboratory one (i.e., mycological clearance) [15].
Optical techniques play a central role in modern clinical diagnostics and optical instrumentations
or prototypes are currently being used or tested in clinical settings to assess health conditions and
treatment outcomes. Their main advantage is that they allow real-time visualization of tissues at high
spatial resolution, being minimally or non-invasive, and optionally portable. Herein, the evidence from
the application of three imaging and spectroscopic modalities, namely optical coherence tomography
(OCT), confocal laser scanning microscopy (CLSM), and Raman spectroscopy (RS) for the evaluation
of onychomycosis, is presented. While they have not been established as reference methods, these
techniques offer several advantages, being rapid, non-destructive, non-invasive and with the capacity
for in vivo application.
2. Spectroscopy
Raman Spectroscopy (RS)
Raman spectroscopy is an optical technique based on the inelastic light scattering resulting
from molecular vibrations. Raman scattering is a two-photon event and involves the change in the
polarizability of the molecule in relation to its vibrational energy. The incident photon exchanges
energy with the molecule, creating an induced dipole moment. The radiation emitted by this induced
dipole moment results in the observed Raman scattering. Distinct and chemical composition-specific
bands in the Raman spectrum represent a so-called “molecular fingerprint” of the sample under
study. RS of bioprobes provides ample physico-chemical information to allow for detailed analysis of
tissue composition at molecular level, such as the investigation of human hard (hair and nails) and
soft (stratum corneum, callus) keratins [16]. With minimal water interference RS is a non-invasive
technique suitable for in vivo studies and has been successfully applied in bio-medical research, e.g.,
for the in situ diagnosis of malignancies [17]. However, it is limited by the laser-induced fluorescence
of organic molecules and an overall low signal-to-noise ratio [18].
The cleavage of disulphide bonds is an essential step in the pathophysiology of onychomycosis,
and therefore of central interest as a target Raman spectra profile for the identification of the infection.
The intensities and the Raman shift of the Cα-Cβ-S-S0 -C0 β-C0 α band imply the conformation of the
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Figure 1. Raman spectra of nail clippings in the fingerprint region (400–1800 cm−1
); healthy (black),
Figure 1. Raman spectra of nail clippings in the fingerprint region (400-1800 cm-1); healthy (black),
infected with T. rubrum (red). The spectra are vertically offset for clarity. Raman spectra were recorded
infected with T.rubrum (red). The spectra are vertically offset for clarity. Raman spectra were recorded
using the i-Raman Plus portable Raman spectrometer (B&W Tek, Inc., Newark, DE, USA) with an
using the i-Raman Plus portable Raman spectrometer (B&W Tek, Inc.) with an excitation wavelength
excitation wavelength of 785 nm.
of 785 nm.
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healthy specimens the disulphide bond adopts the energetically more favorable gauche–gauche–
gauche–gauche–gauche conformation, while in onychomycotic nail S–S Raman stretching modes
gauche conformation, while in onychomycotic nail S–S Raman stretching modes included additional
contributions from the less stable gauche–gauche–trans conformation. It was also proposed that
specimens from different patients had different S-S conformations, and the authors suggested that
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included additional contributions from the less stable gauche–gauche–trans conformation. It was
also proposed that specimens from different patients had different S-S conformations, and the authors
suggested that disulphide bond Raman density and shift might reflect the pathological level of severity
and/or infection phase. However, since no identification of the causative organism at the species level
was performed, we argue that variations of the S-S bond conformation can be pathogen-specific. To
that end, Kourkoumelis et al., [24] performed RS measurements on 52 mycologically-characterized
nail clippings in order to differentiate between healthy and either T. rubrum or Candida infected nails.
In uninfected nails, the energetically stable gauche-gauche-gauche conformation was observed at
513–515 cm−1 . However, in samples infected with Candida species, a secondary shoulder at 519 cm−1
was observed, indicating the presence of the less stable gauche-gauche-trans conformation as well as
the heterogeneity of the S-S bonds conformation among nails infected by different species. Likewise,
Raman spectra of nails infected by T. rubrum featured two weak but well-defined bands at 619 cm−1
and 648 cm−1 , attributed to the C-S stretching vibration, that were not observed in either healthy or
Candida-infected nails. Principal component analysis (PCA) successfully clustered specimens by species,
and the corresponding loadings indicated that the bands responsible for the separation were assigned to
the disulphide bridges. Subsequent classification of the RS spectra test set, using the soft independent
modeling of class analogy (SIMCA) method, yielded 92.8% accuracy in discriminating between the
three classes (healthy, T. rubrum- and Candida-infected nails) and 100% accuracy in classifying healthy
vs onychomycotic nails.
These findings indicate that species-specific differences in fungal invasion mechanisms might
trigger diverse chemical alterations of the nail plate, which can be reflected in the acquired Raman spectra
and could be explored to differentiate among the culprit species of onychomycosis at patient-level
in vivo. Dermatophytes, like T. rubrum, employ extracellular proteases (keratinases) which, together
with the secretion of sulphite as a reducing agent [25], digest S-S bonds in order to assimilate
degraded keratin moieties as a protein source [26]. Similarly, Candida species make use of extracellular
enzymes with keratinolytic activity [27] to disrupt the S-S cross-linking of keratin, and in addition they
excrete sulfite when confronted with elevated cysteine concentrations [28]. Moreover, in an ex vivo
onychomycosis model (infection of nail clippings), RS was explored to differentiate between Trichophyton
dermatophytic fungi (T. rubrum, T. mentagrophytes and T. tonsurans) and the non-dermatophytic species
S. brevicaulis and C. albicans [29]. A correlation matrix approach was used to generate a dendrogram
which visually illustrated the cluster arrangements, representing the dermatophytic in one cluster
and the non-dermatophytic/yeast nail infections in a separate one. The 500–640 cm−1 spectral region
was found to be the most promising discriminating factor since cysteine S–S and C-S bonds act as
a correlate of nail rigidity and hardness. These bonds imply a densely-packed, folded structure of
keratin with multiple S-S cross-linking and gauche-gauche-gauche conformation.
Other vibrational bands observed in Raman spectra of nail keratin are: (i) the phenylalanine
(Phe) bands assigned to the symmetric ring breathing mode (1004 cm−1 ) and C–H in-plane bending
mode (1030 cm−1 ); (ii) the amide I broad band (~1655 cm−1 ) with major components’ contribution from
α-helix C = O stretching (~1652 cm−1 ) and β-sheet C = O stretching (~1670 cm−1 ); (iii) the amide II band
(~1450 cm−1 ) assigned to the deformation of –CH, –CH2 and –CH3 ; and (iv) the amide III broad band
(~1350 cm−1 ) attributed to C–N stretching and –CH2 deformation and scissoring [24]. In onychomycotic
nails, the ratio of the peak area of the α-helical band divided by the peak area of the β-sheet was found
to be lower than the corresponding value in normal nails [23]. The secondary structure of α-keratin
forms coiled-coil domains that unravel under onychomycosis, inducing a less dense coil-loose protein
structure. Nevertheless, this finding seems to be inconsistent and possibly specific to a causative agent.
Finally, it is worth noting that in Nd:YAG laser-treated nails, the β-sheet band dominated over the
α-helical structures, contrary to the outcomes for the non-treated onychomycotic nails [21].
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3. Imaging Techniques
3.1. Optical Coherence Tomography (OCT)
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[34]. Onychomycosis is depicted in OCT scans as longitudinal hyper-reflective lines within the nail
plate. These linear OCT structures seem to correspond to high scattering “tunnels” or small “cleavage
levels” that penetrate the nail plate from the surface inwards and are surrounded by relatively low
scattering areas. The structures in Figure 3 correspond to the presence of fungal elements which, due
to their high chitin content, reflect light stronger than the surrounding nail components [35].
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In addition, infected nails may show a non-uniform layering under the nail plate, a rather sharp
In addition, infected nails may show a non-uniform layering under the nail plate, a rather sharp
transition from the nail plate to nail bed and a 70% thickening of the infected nail [36]. Furthermore,
transition from the nail plate to nail bed and a 70% thickening of the infected nail [36]. Furthermore,
signal shadows due to the increased surface irregularity with inclined lines and spots of higher
signal shadows due to the increased surface irregularity with inclined lines and spots of higher
reflectance capacity were observed, contrary to healthy nails which appeared as homogeneous
reflectance capacity were observed, contrary to healthy nails which appeared as homogeneous bandband-like structures with varying degrees of signal intensity and thickness and an obvious separation
like structures with varying degrees of signal intensity and thickness and an obvious separation of
of the nail bed [37].
the nail bed [37].
Besides nail plate infection, the identification of morphological attributes of a dermatophytoma,
Besides nail plate infection, the identification of morphological attributes of a dermatophytoma,
a feature negatively impacting the efficacy of onychomycosis treatments, was also described with
a feature negatively impacting the efficacy of onychomycosis treatments, was also described with
OCT [38]. Dermatophytoma was depicted as a clearly demarcated hyper-reflective homogenous
OCT [38]. Dermatophytoma was depicted as a clearly demarcated hyper-reflective homogenous
accumulation beneath an inhomogeneous nail plate. The hyper-reflective area was shown to correspond
accumulation beneath an inhomogeneous nail plate. The hyper-reflective area was shown to
to the characteristics of the dermatophytoma “fungal ball”, at a depth of 0.55 to 0.98 mm below the nail
correspond to the characteristics of the dermatophytoma “fungal ball”, at a depth of 0.55 to 0.98 mm
plate. Moreover, cuticula and proximal fold were depicted as highly scattering structures in contrast to
below the nail plate. Moreover, cuticula and proximal fold were depicted as highly scattering
the low scattering matrix.
structures in contrast to the low scattering matrix.
Finally, compared to established diagnostic procedures for onychomycosis, OCT seems to be
Finally, compared to established diagnostic procedures for onychomycosis, OCT seems to be
more reliable than KOH preparation and nail clippings culture which are both susceptible to type II
more reliable than KOH preparation and nail clippings culture which are both susceptible to type II
(false negative) errors [35]. From a methodological point of view, the OCT approach to onychomycotic
(false negative) errors [35]. From a methodological point of view, the OCT approach to
nail plate diagnosis can be compared to the histopathological screening of nail plate serial sections
onychomycotic nail plate diagnosis can be compared to the histopathological screening of nail plate
for the presence of hyphae. Cross-correlation with histology showed that in onychomycotic nails
serial sections for the presence of hyphae. Cross-correlation with histology showed that in
high-scattering structures are conglomerates of hyphae [35]. However, with OCT there is no need for
onychomycotic nails high-scattering structures are conglomerates of hyphae [35]. However, with
nail plate sampling and an almost indefinite number of vertical sections are available for subsequent
OCT there is no need for nail plate sampling and an almost indefinite number of vertical sections are
evaluation. Yet a distinct limitation of OCT is the fact that alterations in the hyponychium and the
available for subsequent evaluation. Yet a distinct limitation of OCT is the fact that alterations in the
surface of the nail plate cannot be evaluated with the same efficacy as the nail plate. Nevertheless, in a
hyponychium and the surface of the nail plate cannot be evaluated with the same efficacy as the nail
plate. Nevertheless, in a prospective trial on 50 patients with suspected onychomycosis [39], OCT had
the lowest specificity of 42.9%. Moreover, OCT had negative predictive value of 75%, higher than
CLSM (68%), histopathology (63.6%) and culture (40.4%), but lower than PCR (91.3%). Both positive
(i.e., the probability that nails with positive screenings are indeed affected by onychomycosis) and
negative (i.e., the probability that nails with negative results are indeed not affected by
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In vivo and in vitro confocal infrared microscopy, exploiting a 1064 nm Nd:YAG laser, revealed
A detailed analysis of the performance of CLSM as diagnostic tool for onychomycosis was
the presence of branched hyphae in both onychomycotic toenails of a patient [44]. Pharaon et al., [45]
reported by Rothmund et al. [39]. In a prospective trial, 50 patients with suspected onychomycosis
examined 58 patients with clinical suspicion of distal and lateral subungual onychomycosis covering
and 10 controls were cross-examined with CLSM in comparison to three reference techniques (PCR,
10–75% of the surface of at least one great toenail by reflectance confocal microscopy (RCM).
fungal culture and PAS staining). CLSM showed the highest positive predictive value (88.6%) which
Onychomycosis was characterized by the presence of bright filamentous branching structures
was similar to KOH preparation (85.3%). The specificity of CLSM (81%) was superior to KOH
corresponding to hyphae on at least three consecutive images. RCM classified correctly 79.3%
preparation (76.2%) but inferior to PAS staining (100%). Moreover, CLSM (79.5%) exhibited a higher
of the onychomycotic samples with 52.9% sensitivity and 90.2% specificity. Moreover, CLSM can
sensitivity to histopathology (69.2%) and KOH preparation (74.4%). Overall, although CLSM can
detect the location and density of the pathogen but it cannot discriminate between dermatophytes and
principally aid the diagnosis of onychomycosis, it remains too sophisticated and expensive a
non-dermatophytic moulds or yeasts [46].
technique to adopt for routine use in dermatological practice [47].
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A detailed analysis of the performance of CLSM as diagnostic tool for onychomycosis was reported
by Rothmund et al. [39]. In a prospective trial, 50 patients with suspected onychomycosis and 10
controls were cross-examined with CLSM in comparison to three reference techniques (PCR, fungal
culture and PAS staining). CLSM showed the highest positive predictive value (88.6%) which was
similar to KOH preparation (85.3%). The specificity of CLSM (81%) was superior to KOH preparation
(76.2%) but inferior to PAS staining (100%). Moreover, CLSM (79.5%) exhibited a higher sensitivity to
histopathology (69.2%) and KOH preparation (74.4%). Overall, although CLSM can principally aid
the diagnosis of onychomycosis, it remains too sophisticated and expensive a technique to adopt for
routine use in dermatological practice [47].
4. Conclusions
Onychomycosis is not just a cosmetic nuisance but a disorder with a reservoir of pathogenic
fungi that can give rise to significant health problems. The standard clinical diagnostic algorithm of
onychomycosis involves clinical suspicion and a positive laboratory test. Since the clinical presentation
is not always conclusive, additional spectroscopic and imaging techniques are needed to aid the
on-site diagnostic accuracy in a rapid and non-invasive manner. Proper diagnosis of onychomycosis is
important for a rational treatment. The standard therapeutic approach involves the administration of
systemic antifungal agents over a long period; for toenails, it typically exceeds 3 months. Thus, the
confirmation of diagnosis, i.e., the definite identification of the fungal cause, is essential to protect
patients from redundant and costly treatments. RS, OCT, and CLSM are well established modalities
for the evaluation of skin diseases, and are currently also emerging as approaches to the study of
nail infections. The chemical composition and the structural aspects of healthy and onychomycotic
nails can be rapidly assessed using these methods. RS can be easily integrated into the clinical
setting for real-time evaluation of onychomycosis. In particular, when RS is coupled with statistical
methods, it can achieve flawless classification between healthy and onychomycotic nails, although
the detailed discrimination of the different pathogens at species- or strain-level with the currently
available instrumentation seems unlikely. OCT can identify morphological nail alterations indicative
of onychomycosis, distinguish areas of infected nail and identify the depth of pathogen’s invasion.
However, it does not allow the differentiation between hyphae/spores and other nail creases and lacks
specificity. CLSM takes advantage of its higher resolution, which allows for the detection of cellular
and architectural abnormalities of the nail, can quantify the fungi load and has superior specificity
compared to KOH preparation. As yet, species differentiation and vitality cannot be assessed with
CLSM while it remains an expensive instrumentation. It is worth noting that the integration of different
currently available techniques, with their different pros and cons, in a so-called multi-modality imaging
approach, is anticipated to significantly improve our diagnostic capabilities in assessing onychomycosis
by (i) rapidly identifying the fungal agent, (ii) monitoring treatment response, and (iii) evaluating
therapeutic protocols.
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