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Gross anatomy and terminology

Knowledge of nail unit anatomy and terms is important for

clinical and scientific work [1]. The nail is an opalescent win-

dow through to the vascular nail bed. It is held in place by
the nail folds, origin at the matrix and attachment to the nail
bed. It ends at a free edge distally, overlying the hyponych-

ium. These structures are illustrated in Figures 1.1 and 1.2.

Definitions of the components of the nail unit are as follows.

* Nail plate (nail): durable keratinized structure which
continues growing throughout life.

e Lateral nail folds: the cutaneous folded structures pro-
viding the lateral borders to the nail.

* Proximal nail fold (posterior nail fold): cutaneous
folded structure providing the visible proximal border
of the nail, continuous with the cuticle. On the under-
surface this becomes the dorsal matrix.

¢ Cuticle (eponychium): the layer of epidermis extend-
ing from the proximal nail fold and adhering to the dor-
sal aspect of the nail plate.

¢ Nail matrix (nail root): traditionally, this can be split
into three parts [2]. The dorsal matrix is synonymous

with the ventral aspect of the proximal nail fold. The
intermediate matrix (germinative matrix) is the epithe-
lial structure starting at the point where the dorsal
matrix folds back on itself to underlie the proximal nail.
The ventral matrix is synonymous with the nail bed
and starts at the border of the lunula, where the inter-
mediate matrix stops. It is limited distally by the hypo-
nychium.

Lunula (half moon): the convex margin of the interme-
diate matrix seen through the nail. It is paler than the
adjacent nail bed. It is most commonly visible on the
thumbs and great toes. It may be concealed by the proxi-
mal nail fold.

Nail bed (ventral matrix, sterile matrix): the vascular
bed upon which the nail rests, extending from the
lunula to the hyponychium. This is the major territory
seen through the nail plate.

Onychodermal band: the distal margin of the nail
bed has a contrasting hue in comparison with the rest
of the nail bed [3]. Normally, this is a transverse band
of 1-1.5 mm of a deeper pink (Caucasian) or brown
(Afro-Carribean). Its colour, or presence, may vary
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Figure 1.2 The tip of a digit showing the component parts of the nail
apparatus.

with disease or compression which influences the
vascular supply (Fig. 1.3). Sonnex et al. [4] examined
1000 nails from thumbs and fingers in 100 subjects,
alive and dead. In addition to clinical observation,
they obtained histology from cadavers. Their findings
are summarized in Table 1.1. The onychocorneal band
represents the first barrier to penetration of materials
beyond the nail plate. Disruption of this barrier by
disease or trauma precipitates a range of further

Proximal nail fold

(b)
Figure 1.3 (a) Onychodermal band. (b) Diagrammatic representation of the
morphological features of the normal nail; detail of the distal physiological
color bands is shown. Courtesy of T.S. Sonnex and W.A.D. Griffiths.

events affecting the nail bed. The white appearance of
the central band represents the transmission of light
from the digit tip through the stratum corneum and
up through the nail. If the digit is placed against a
black surface, the band appears dark.
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¢ Hyponychium (contains the solenhorn): the cutane-  the nail anlage, present from 9 weeks as the epidermis
ous margin underlying free nail, bordered distally by = overlying the dorsal tip of the digit. At 10 weeks, a distinct
the distal groove. region can be seen and is described as the primary nail field.

¢ Distal groove (limiting furrow): a cutaneous ridge  This almost overlies the tip of the terminal phalanx, with
demarcating the border between subungual structures  clear proximal and lateral grooves in addition to a well-
and the finger pulp. defined distal groove. The prominence of this groove is
partly due to the distal ridge, thrown up proximally, accen-

tuating the contour. The primary nail field grows proximally

Embryology by a wedge of germinative matrix cells extending back from
the tip of the digit. These cells are proximal to both the distal
Morphogenesis groove and ridge. The spatial relationship of these two latter
structures remains relatively constant as the former becomes
8-12 weeks the vestigial distal groove and the latter the hyponychium

Individual digits are discernible from the 8th week of  (Fig.1.4).

gestation [5]. The first embryonic element of the nail unit is

13-14 weeks

Differential growth of the slowly developing primary nail

Table 1.1 Clinical appearance of distal zones of the nail bed. ; . . ;
field and surrounding tissue results in the emergence of

Zone Subzone Appearance overhanging proximal and lateral nail folds. Depending
on the point of reference, the nail folds may be interpreted
Free edge - Clear gray as overhanging [6] or the matrix as invaginating. By 13
Onychocorneal weeks the nail field is well defined in the finger, with the
band matrix primordium underlying a proximal nail fold. By
' Distal pink zone 0.5-2 mm distal pink 14 w.eeks the. nail plat.e is seen emerging from beneath the
. . proximal nail fold, with elements arising from the lunula
margin, may merge with . .
free edge as well as more proximal matrix.
Il Central white band ~ 0.1-1 mm distal white band 17 weeks to birth

representing the point of
attachment of the stratum
corneum arising from the
digit pulp

At 17 weeks, the nail plate covers most of the nail bed and
the distal ridge has flattened. From 20 weeks, the nail unit
and finger grow in tandem, with the nail plate abutting the
distal ridge. This is now termed the hyponychium. The
nail bed epithelium no longer produces keratohyalin, with
a more parakeratotic appearance. By birth the nail plate

Figure 1.4 Embryogenesis of the nail apparatus. g % % ﬁ%

Ten weeks: the primary nail field can be seen with 10 weeks 13 weeks 14 weeks 17 weeks 20 weeks
proximal, lateral and distal grooves. The latter is

accentuated by a distal ridge. Thirteen weeks: a

wedge of matrix primordium moves proximally,

with the invagination of the proximal nail fold NN

above. Fourteen weeks: the nail plate emerges. 0 '
Seventeen weeks: the nail plate covers most of

the nail bed and the distal ridge starts to flatten. \‘ \/ %
Twenty weeks: the nail plate extends to the distal \ \

1l Proximal pink Merging with nail bed
gradient

ridge, now termed hyponychium. Finger and nail
grow roughly in tandem from now on. Fetuses are
one-fifth of actual size.
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extends to the distal groove, which becomes progressively
less prominent. The nail may curve over the volar surface
of the finger. It may also demonstrate koilonychia. This
deformity is normal in the very young and a function of
the thinness of the nail plate. It reverses with age.

Tissue differentiation

Keratins are filament-forming proteins of epithelial cells.
They are found within the cytoplasm. There are 54 human
keratins and their genes are divided into three categories:
e epithelial keratins/genes

e hair keratins/genes

e keratin pseudogenes.

Schweizer devised the reclassification of keratins accord-
ing to the system described below to accommodate the
changing knowledge of keratins in the context of the
previous system (Table 1.2) [7].

The element of common ground between hair and nail
biology is reflected in many shared keratins that lend
physical characteristics to the tissue. Hence, although
nail biology is not acknowledged in this scheme, where
there is a designation of hair keratin, it is common for it
also to be a nail keratin and for the higher level of sulfur
amino acids in the keratin to afford a larger number of
intramolecular cross-links and greater physical stability
and strength.

Keratin synthesis can be identified in the nail unit
from the earliest stages of its differentiation [8]. In 12-
and 13-week embryos, the nail-matrix anlage is a thin
epithelial wedge penetrating from the dorsal epidermis
into the dermis. This wedge is thought to represent the
“ventral matrix primordium.” By week 15, hard kerat-
ins are seen throughout the nail bed and matrix. This
could have significance concerning theories of nail
embryogenesis and growth, where debate exists as to

Table 1.2 Keratins and their former designations (www.interfil.org/
proteinsTypelnll.php).

Category Number range
Human type | epithelial keratins 9-28

Human type | hair keratins 31-40
Non-human type | epithelial and hair keratins 41-70

Human type Il epithelial keratins 1-8 and 71-80
Human type Il hair keratins 81-86
Non-human type Il epithelial and hair keratins 87-120

Type Il keratin pseudogene 121-220

Type | keratin pseudogenes 221 >

the contribution made by the nail bed to nail growth
[5,9-12]. However, at 22 weeks, the layer of hard kera-
tin positive cells remains very thin in the nail bed,
whereas it is considerably thickened in the matrix. In
the adult nail, there have been reports of both the pres-
ence [13] and absence [8,14-16] of hard keratins in the
nail bed.

Histological observation at 13 and 14 weeks reveals
parakeratotic cells just distal to this nail plate primordium
staining for disulfydryl groups. This contrasts to adjacent
epithelium, suggesting the start of nail plate differentia-
tion. This early differentiation represents matrix forma-
tion and Merkel cells have been detected in the matrix
primordium of human fetuses between weeks 9 and 15
[17]. Merkel cells may play a role in the development of
epidermal appendages and are detectable using monoclo-
nal antibodies specific to keratin 20. Their role in ontogen-
esis would explain their disappearance from the nail
matrix after week 22 [17]. However, this is not a universal
finding, with an abundance of Merkel cells identified in
the matrix of young adult and cadaver nail specimens in
one study [18].

At the 13-22-week stage there is coincident increase in
the expression of hard keratins and the development of
keratohyalin granules.

By 25 weeks, most features of nail unit differentiation
are complete. Changes may still occur in the chemical
constitution of the nail plate after this date. A decrease in
sulfur and aluminum and a rise in chlorine have been
noted as features of full-term newborns in comparison
with the nail plate of premature babies [19]. An elevated
aluminum level may correspond to bone abnormalities
which lead to osteopenia.

Factors in embryogenesis

The nail plate grows from the 15th week of gestation until
death. Many factors act upon it in this time and influence
its appearance. Because it is a rugged structure, growing
over a cycle of 4-18 months, it provides a record of the
effects of these influences. To consider the different form-
ative mechanisms, it is important to distinguish between:
* embryogenesis

e regrowth

e growth.

There is overlap between all these processes, with the main
clues concerning embryogenesis deriving from fetal stud-
ies and analysis of congenital abnormalities. Regrowth is
the growth of the nail plate following its removal. This may
be for therapeutic reasons or following accidental trauma
with associated damage. Observation of this process adds
to our understanding of both growth and embryogenesis.
Growth is the continuous process of nail plate generation
over a fully differentiated nail bed and hyponychium.
Embryogenesis is the subject of this section.



In the chick limb bud formation, there is a complex
interaction between mesoderm and ectoderm. Initially,
the mesoderm induces the development of the apical
ectodermal ridge (AER). The mesoderm then becomes
dependent upon the AER for the creation of the limb.
Removal of the AER results in a halt of mesodermal
differentiation. Replacing the underlying mesoderm with
mesoderm from another part of the limb primordium still
results in normal differentiation [20]. However, the AER
continues to be dependent upon the mesoderm, which
must be of limb type. Replacement of limb mesoderm
with somite mesoderm causes flattening of the AER.
These morphogenetic interactions occur prior to cytodif-
ferentiation [21]. In the human, cases of anonychia
secondary to phenytoin [22] might implicate the drug at
this stage, prior to 8 weeks. Drugs have been suggested as
contributing to congenital nail dystrophies mainly affect-
ing the index finger [23].

Subsequent work on limb bud biology has explored the
significance of the transcription factor LIM1B in the
mouse embryo limb formation. This factor is implicated
in the dorsal/ventral polarity of the evolving limb and
has been confirmed to have a similar role in humans. Loss
of effective LIM1X function results in duplication of struc-
tures such that there might be a ventral ventral digit
rather than dorsal ventral where the finger pulp is
repeated on both sides of the digit [24]. The LIM1X sys-
tem also acts on genes determining development of the
eye and urogenital tract, which is the basis for involve-
ment of all these systems in nail patella syndrome. In this
pathology, the differentiation messages from the mesen-
chyme to the ectoderm appear to be communicated in a
manner that might formally be described in observational
limb bud experiments.

LMX1B is thought to be mediated through the spondin
pathway where spondins are a family of proteins contrib-
uting to intracellular communication. In hereditary anon-
ychia, it has been demonstrated that there is a defect in
R-spondin 4 secretion where this protein would normally
determine the activity of the Wnt/ catenin signaling sys-
tem that is thought in turn to play a part in the initiation
of nail unit formation [25, 26]. R-spondin 2 is expressed in
the AER in normal mouse limb development [27]. Mice
bred to be deficient in this spondin have substantial con-
genital limb anomalies, with lack of phalangeal develop-
ment and no nail unit [27]. Consistent with the model of
mesenchyme inducing the overlying ectoderm, spondins
have been identified in fibroblast cultures but not
keratinocytre cultures [28].

Multiple other biological pathways appear relevant to
the formation of a normal nail unit. Transgenic mice with
changes to the Akt gene demonstrate absent nail and dis-
tal bone. Akt is a serine/threonine protein kinase impli-
cated in cell signaling [29]. Although the spondins reside
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in the mesenchyme and appear relevant to the interaction
between mesenchyme and ectoderm, Akt is epithelial and
is thought to play a part in the action of bone morphoge-
netic protein (BMP). BMP is part of the transforming
growth factor (TGF)-B family of mediators. It is found in
many different forms with a range of morphogenetic
roles. In relation to the formation of the nail unit, it has
been proposed that there is a two-way process whereby it
is supportive of nail unit development, but equally that
the nail unit plays a part in the regeneration of the distal
phalanx when it is lost through trauma in infancy [30]
and these processes may in part be mediated through
BMP4.

Congenital abnormalities provide clinical examples of
instances where the role of a BMP or similar factor appears
central. Congenital onychodysplasia of the index fingers
(COIF) is frequently associated with abnormalities of the
terminal phalanges and interphalangeal joints [31]. The
nail may be absent, small or composed of several small
nails on the dorsal tip of the affected finger. The bony
abnormality varies, with the most marked change being
bifurcation of the terminal phalanx on lateral x-ray [32].
However, a bony abnormality is not mandatory in this
condition or other conditions with ectopic nail [33]. A nor-
mal nail may overlie an abnormal bone on other than the
index finger [34]. COIF appears to demonstrate an asso-
ciation between abnormalities of bone and nail, rather
than the presence of a strict relationship. It may represent
a fault of mesoderm/ectoderm interaction at the stage
when these layers are mutually dependent. It has been
suggested that a vascular abnormality may provide the
common factor between pathology in the two embryonic
layers [35]. This would also be consistent with the part
played by BMP in vascular development in embryogene-
sis [36]. If this is the case, it appears likely that any vascu-
lar abnormality arises due to a defect of patterned
embryogenesis rather than a random event, given that a
form of COIF can occur in the big toe of individuals with
involved fingers [37].

An interpretation based upon a mutual mesodermal
and ectodermal fault would fit with the observation of
two cases of congenital anonychia and hypoplastic nails
combined with hypoplastic phalanges [38]. These cases
were used as a foil for the suggestion of a mechanism of
“bone-dependent nail formation.” It might also be argued
in reverse that the bone was dependent upon the nail.

Regional anatomy

Histological preparation

High-quality sections of the nail unit are difficult to
obtain. Nails are very hard and tend to split or tear. In
biopsies containing nail plate and soft subungual and
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periungual tissue, the nail plate is often torn from the
matrix and other adjacent structures by the microtome.
Laboratories unused to nail histology will often have
problems, contact the clinician for advice, be slow to pro-
vide a result and have sections of mixed quality. This is in
large part due to the hardness of nail, which does not sof-
ten adequately with the normal decalcification processes
used in bone histology, the other hard material laborato-
ries are used to handling. Problems can be diminished
using a range of techniques to soften the nail which may
be less practical if there are soft tissue attachments requir-
ing histological examination.

When obtaining a specimen for histology, it is useful to
ensure that it is oriented. In samples with indicative
structures such as a nail fold or the digit pulp, this may
be relatively easy, although it can be valuable to ink the
edge of the biopsy most closely related to the pathology.
This is particularly true for the lateral longitudinal biopsy
where typically the edge abutting the lateral nail fold
will hold less information than the opposite inner edge.
For punch biopsies or other small samples, it may be
helpful to ink the upper surface so that sections are cut
perpendicular to this edge and clear histological assess-
ment is possible [39].

Nail softening techniques

Nail alone

There are several different techniques to soften the nail
plate. Lewis [5] recommended routine fixation in 10% for-
malin and processing as usual. Earlier methods employed
fixation with potassium bichromate, sodium sulfate or
sodium bisulfite and water. The section is then decalcified
with nitric acid and embedded in collodion. Alkiewicz
and Pfister [40] recommended softening the nail with
thioglycollate or hydrogen peroxide. Nail fragments are
kept in 10% potassium thioglycollate at 37°C for 5 days or
in 20-30% hydrogen peroxide for 5-6 days. The nail is
then fixed by boiling in formalin for 1 min before cutting
10-15 mm sections.

Although softening of nail clippings for histology is not
mandatory, it is possible and may be helpful. Suarez et al.
[41] suggest soaking the clipping for 2 days in a mix of
mercuric chloride, chromic acid, nitric acid and 95%
alcohol. The specimen is then transferred to absolute alco-
hol, xylene and successive paraffin mixtures, sectioned at
4 mm and placed on gelatinized slides. An alternative
method, described for preserving histological detail in the
nail plate, entails fixation in a mix of 5% trichloracetic
acid and 10% formalin for the initial 24 h [42]. This is
followed by a modified polyethylene glycol-pyroxylin
embedding method. Ultra-thin sections can be provided
by embedding the nail in plastic such as 2-hydroxyethyl
methacrylate [43].

Nail and soft tissue

In nail biopsies containing soft tissue, more gentle
methods of preparation are necessary. The specimen
can be soaked in distilled water for a few hours before
placing in formalin [44]. Twelve hours in 10% formalin
followed by 3 days in 3% phenol prior to embedding is
reported to achieve good results [45]. After routine
fixation and embedding, permanent wave solution (of
the type used in hairdressing), thioglycollate or 10%
potassium hydroxide solution can be applied with a
cotton swab to the surface of the paraffin block every
two or three sections. Lewin et al. [46] suggest apply-
ing 1% aqueous polysorbate 40 to the cut surface of the
block for 1 h at 4°C.

Sections will sometimes adhere to normal slides but
when there is nail alone, the material tends to curl as it
dries and may fall off. This means that it may be neces-
sary to use gelatinized or 3-aminopropyltriethoxysi-
lane (APES) slides. Given the difficulty of obtaining
high-quality sections, it is worth cutting many at differ-
ent levels to maximize the chance of getting what is
needed.

Routine staining with hematoxylin and eosin is suffi-
cient for most cases. Periodic acid-Schiff (PAS) and
Grocott’s silver stain can be used to demonstrate fungi;
a blancophore fluorochromation selectively delineates
fungal walls [47]. More recently, Gomori methanamine
silver stain has been advocated following pretreatment
with chromic acid and sodium bisulfite [48]. Some of
the more representative material in a nail sample for
histology for fungus may be in the crumbling substance
on the ventral aspect. This can be examined separately
but requires a container such as a paper lens container
to prevent dispersal of the material and to avoid prob-
lems with preparing sections [43]. Toluidine blue at pH
5 allows better visualization of the details of the nail
plate [49, 50]. Fontana’s argentaffin reaction demonstrates
melanin. Hemoglobin is identified using a peroxidase
reaction. Prussian blue and Perl stains are not helpful in
the identification of blood in the nail as they are specific
to the hemosiderin product of hemoglobin breakdown
caused by macrophages, which does not occur in the nail
[40, 51, 52].

Masson-Goldner’s trichrome stain is very useful to
study the keratinization process and Giemsa stain reveals
slight changes in the nail keratin.

Standard techniques for microwave antigen retrieval
for immunohistochemistry, routine polymerase chain
reaction studies and TUNEL assays all appear feasible in
combined soft tissue and nail specimens [425].

Polarization microscopy shows the regular arrange-
ment of keratin filaments and birefringence is said to be
absent in disorders of nail formation such as leuco-
nychia.



Nail matrix and lunula

For simplicity, the nail matrix (syn. intermediate matrix)
will be defined as the most proximal region of the nail bed
extending to the lunula. This is commonly considered to
be the source of the bulk of the nail plate, although further
contributions may come from other parts of the nail unit
(such as nail growth). Contrast with these other regions
helps to characterize the matrix.

The matrix is vulnerable to surgical and accidental
trauma; a longitudinal biopsy of greater than 3 mm width
is likely to leave a permanent dystrophy [53] (Fig. 1.5).
Once matrix damage has occurred, it is difficult to effec-
tively repair it [54-56]. This accounts for the relatively small
amount of histological information on normal nail matrix.

It is possible to make distinctions between distal and
proximal matrix on functional grounds, given that 81% of
cell numbers in the nail plate is provided by the proximal
50% of the nail matrix [57] and surgery to distal matrix is
less likely to cause scarring than more proximal surgery.
Clinically, the matrix is synonymous with the lunula, or
half moon, which can be seen through the nail emerging
from beneath the proximal nail fold as a pale convex
structure. This is most prominent on the thumb, becom-
ing less prominent in a gradient towards the little finger.
It is rarely seen on the toes. The absence of a clinically
identifiable lunula may mean that the vascular tone of the
nail bed and matrix has obscured it or that the proximal
nail fold extends so far along the nail plate that it lies over
the entire matrix.

High-resolution magnetic resonance imaging ideniti-
fies the matrix and dermal zones beneath. Drapé et al. [58]
described a zone beneath the distal matrix where there is
loose connective tissue and a dense microvascular net-
work. It may be the presence of this network that accounts
for the variable sign of red lunulae in some systemic con-
ditions [59, 60]. However, the histological observations of
Lewin suggested that there is diminished vascularity and
increased dermal collagen beneath the matrix contributing

Figure 1.5 Longitudinal nail biopsy of
Zaias: (a) before biopsy; (b) 5 weeks after;
(c) 3 months later.
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to the pallor which helps identify the area [61]. This has
been confirmed in a more recent study utilizing injection
of gelatinized Indian ink into amputation specimens [62].
The close association between the nail matrix and joint
apparatus results in magnetic resonance imaging changes
in tendon sheath and matrix coincidentally [63] and may
demonstrate changes in matrix prior to the onset of any
clinical nail disease [64].

The thinner epidermis of the nail bed may account for
the contrast between the white and pink appearance of
the lunula and bed, respectively [65]. Many suggestions
have been made to account for the appearance of the
lunula [49, 61, 65-68] (Box 1.1).

Macroscopically, the distal margin of the matrix is
convex and is easily distinguished from the contiguous
nail bed once the nail is removed, even if the difference is
not clear prior to avulsion. The nail bed is a more deep
red and has surface corrugations absent from the matrix.
At the proximal margin of the matrix, the contour of the
lunula is repeated. At the lateral apices, a subtle ligamen-
tous attachment has been described, arising as a dorsal
expansion of the lateral ligament of the distal interphalan-
geal joint [69]. Lack of balance between the symmetrical
tension on these attachments may explain some forms of
acquired and congenital malalignment [70].

Box 1.1 Possible causes for the pale appearance of the lunula

e The surface of the nail is smoother and more shiny proximally.
e The thicker epidermis of the lunula obscures the underlying
vasculature.

e The nail attachment at the lunula is less firm, allowing greater
refraction and reflection at the nail/soft tissue interface.

e The underlying dermis has fewer capillaries in it.

e The underlying dermis is of looser texture.

e The matrix epithelium in the lunula has more nuclei than the nail
bed, making it appear parakeratotic with an altered color.
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Routine histology
The cells of the nail matrix are distinct from the adjacent
nail bed distally and the ventral surface of the nail fold,
lying at an angle above. The nail matrix is the thickest area
of stratified squamous epithelium in the midline of the
nail unit, comparable with the hyponychium. There are
long rete ridges characteristically descending at a slightly
oblique angle, their tips pointing distally. Laterally, the
matrix rete ridges are less marked, whereas those of the
nail bed nail folds become prominent.

Unlike the overlying nail fold, but like the nail bed, the
matrix has no granular layer (Fig. 1.6). The demarcation

Figure 1.6 A granular layer is absent from the germinal matrix (lower part)
and the ventral aspect of the proximal nail fold (upper part).

Figure 1.7 Keratin stain of the nail apparatus delineating the epithelial
structures of the matrix and proximal nail fold.

between overlying nail fold and matrix is enhanced by
the altered morphology of the rete ridges. At their junction
at the apex of the matrix and origin of the nail, the first
matrix epithelial ridge may have a bobbed appearance
like a lopped sheep’s tail. PAS staining is marked at both
the distal and proximal margins of the intermediate
matrix (Fig. 1.7). Distally, there is often a step reduction in
the epithelial thickness at the transition of the matrix with
the nail bed. This represents the edge of the lunula.

Nail is formed from the matrix as cells become larger and
paler and eventually the nucleus disintegrates. There is pro-
gression with flattening, elongation and further pallor.
Occasionally, retained shrunken or fragmented nuclei per-
sist to be included into the nail plate. Lewis [5] called these
“pertinax bodies.” They can give an impression of the lon-
gitudinal progression of growth in the nail plate (Fig. 1.8).

Melanocytes are present in the matrix where they reach
a density of up to 300/mm? [71-75]. This can also be
expressed as number of melanoncytes per linear millim-
eter of matrix epidermis examined. Figures for this are a
mean of 7.5, median of 7.7 and range of 4-9 [76] (Table 1.3).

Dendritic cells are found in the epibasal layers and
most prominent in the distal matrix [73-75]. This point can

Figure 1.8 Pertinax bodies can be seen as the nuclear remnants within the
nail plate.

Table 1.3 Number of melanocytes found per mm of matrix in normal
and pathological states.

Pathology Mean Median Range
Invasive melanoma 102 92.5 52-212
In situ melanoma 58.9 51 39-136
Melanotic macule 15.3 14 5-31
Normal control 7.7 7.5 4-9

Reproduced from Amin [76] with permission from Lippincott, Williams and
Wilkins.
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be refined in terms of the functional status of the melano-
cytes. Ortonne described melanocytes of the proximal
matrix as being in a single compartment of largely dor-
mant cells. Those in the distal matrix are in two compart-
ments, withboth a dormantand functionally differentiated
population. Longitudinal melanonychia most commonly
arises from pigment contributed to the nail plate by these
differentiated distal melanocytes. Ortonne also defined a
smaller population of nail bed melanocytes, with approx-
imately 25% of the number found in the matrix and none
of these were differentiated in terms of DOPA staining.
This differs from the observations of de Berker et al. [74]
where the nail bed was noted to lack melanocyte markers.

The suprabasal location of nail matrix melanocytes can
lead to difficulties in the interpretation of histological
specimens obtained to exclude dysplasia in instances of
melanonychia, given that ascending melanocytes are a
sign of dysplasia in normal epidermis. This complication
may be related to the fact that the differentiation of mel-
anocytes in the matrix is different from that found else-
where, given that they typically do not produce pigment
in Caucasians and they are detected by the antibody
HMB-45, which recognizes melanoma cells and fetal mel-
anocytes but not mature melanocytes [73]. Both HMB-45
and Melan-A are useful markers of nail matrix melano-
cytes. They are best supplemented with S100 as a means
of increasing sensitivity to dermal melanoncytes and, in
particular, desmoplastic melanoma [77]. In spite of these
difficulties in interpretation, melanoma is a relatively rare
cause of subungual pigmentation, although it is usually
considered necessary to exclude it histologically, particu-
larly in white adults [73, 78].

Melanin in the nail plate is composed of granules
derived from matrix melanocytes [9]. Longitudinal
melanonychia may be a benign phenomenon, particu-
larly in Afro-Caribbeans: 77% of black people will have
a melanonychia by the age of 20 and almost 100% by 50
[79, 80]. The Japanese also have a high prevalence of lon-
gitudinal melanonychia, being present in 10-20% of
adults [81]. In a study of 15 benign melanonychia cases
in Japanese patients, they were found to arise from an
increase in activity and number of DOPA-positive
melanocytes in the matrix, not a melanocytic nevus [71].
A survey of fingers and toes of 2457 Chinese patients
found none with melanonychia beneath the age of 20,
0.6% of those between 20 and 29, increasing to 1.7% in
those over 50 [82]. A French study of Caucasians found a
1.4% prevalence in the community and 12.6% prevalence
in hospitalized patients [83]. The difference may have in
part reflected different clinical sensitivity amongst com-
munity and hospital clinicians. In all studies, where men-
tioned, the thumb and big toe are the most commonly
affected digit. Longitudinal melanonychia in Caucasians
is more sinister; Oropeza [84] stated that a subungual

pigmented lesion in this group has a higher chance of
being malignant than benign.

There is only a thin layer of dermis dividing the matrix
from the terminal phalanx. This has a rich vascular sup-
ply (see “Vascular supply” below) and an elastin and col-
lagen infrastructure giving attachment to periosteum.

Electron microscopy

Transmission electron microscopy confirms that in many
respects, matrix epithelium is similar to normal cutane-
ous epithelium [85-88]. The basal cells contain des-
mosomes and hemidesmosomes and interdigitate freely.
Differentiating cells are rich in ribosomes and polysomes
and contain more RNA than equivalent cutaneous epi-
dermal cells. As cell differentiation proceeds towards
the nail plate, there is an accumulation of cytoplasmic
microfibrils (7.5-10 nm). These fibrils are haphazardly
arranged within the cells up to the transitional zone.
Beyond this, they become aligned with the axis of nail
plate growth.

Membrane-coating granules (Odland bodies) are
formed within the differentiating cells. They are dis-
charged onto the cell surface in the transitional zone and
have been thought to contribute to the thickness of the
plasma membrane. They may also have a role in the firm
adherence of the squamous cells within the nail plate,
which is a notable characteristic [89]. The glycoprotein
characteristics of cell membrane complexes isolated
from nail plate may reflect the constituents of these
granules [90].

Mitochondria are degraded during the transitional
phase, whilst RNA-containing ribosomes are evident up
to the stage of plasma membrane thickening. Vacuoles
containing lipid and other products of cytolysis are seen
at the transitional stage. Dorsal matrix cells start to show
nuclear shrinkage at this point, whereas the nuclei in the
matrix remain intact to a higher level.

Electron microscopy has been used to examine the nail
plate in detail in fungal disease [91], alopecia areata [92],
connective tissue diseases [93] and psoriasis [94].

Nail bed and hyponychium

The nail bed extends from the distal margin of the lunula
to the hyponychium. It is also called the ventral matrix,
depending on whether or not you believe that it
contributes to the substance of the nail plate (see “Nail
growth” below). Avulsion of the nail plate reveals a pat-
tern of longitudinal epidermal ridges stretching to the
lunula (Fig. 1.9). On the underside of the nail plate is a
complementary set of ridges, which has led to the
description of the nail being led up the nail bed as if on
rails (Fig. 1.10). The small vessels of the nail bed are ori-
entated in the same axis. This can be demonstrated by
using corrosion casting from cadaver digits [95] and is
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Figure 1.9 The epidermis of the nail bed has longitudinal ridges visible
after nail avulsion.

Figure 1.10 The undersurface of the nail plate shows longitudinal ridging
which matches that seen on the nail bed. This pattern is lost at the margin of
the lunula, where the nail is in continuity with the matrix from which it arises.

clinically manifested by splinter hemorrhages (Figs 1.11,
1.12), where heme is deposited on the undersurface of
the nail plate and grows out with it. The free edge of a
nail loses the ridges, suggesting that they are softer than

Figure 1.11 The appearance of splinter hemorrhages. Heme from
longitudinal nail bed vessels is deposited on the underside of the nail plate.
This grows out in the shape of a splinter.

Figure 1.12 The undersurface of the nail has dark-stained blood in the
longitudinal grooves corresponding to splinter hemorrhages.

the main nail plate structure. The nail bed also loses these
ridges shortly after loss of the overlying nail. It is likely
that the ridges are generated at the margin of the lunula
on the ventral surface of the nail to be imprinted upon
the nail bed.

The epidermis of the nail bed is thin over the bulk of its
territory. It becomes thicker at the nail folds where it
develops rete ridges. It has no granular layer except in
disease states. The dermis is sparse, with little fat, firm
collagenous adherence to the underlying periosteum and
no sebaceous or follicular appendages [61]. Sweat ducts
can be seen at the distal margin of the nail bed using
in vivo magnification (Fig. 1.13) [96].

The hyponychium lies between the distal ridge and
the nail plate and represents a space as much as a
surface. Perrin [97] has described an analog of the hair



Figure 1.13 Sweat pores in the distal nail bed. Reproduced from Maricq
[96] with permission from Wiley-Blackwell.

follicle isthmus at the junction of the hyponychium and
nail bed, referred to as the nail isthmus, leading on to
the nail infundibulum, which he proposed would
replace the term hyponychium. The distal ridge (see
“Factors in embryogenesis” above) is seen from the 10th
week of gestation onwards. The hyponychium and
onychocorneal band may be the focus or origin of sub-
ungual hyperkeratosis in some diseases such as pityri-
asis rubra pilaris (see Table 1.8) or pachyonychia
congenita. In these instances, and in some elderly
people, it can be thought of as the solenhorn described
by Pinkus [98].

Pterygium inversum unguis is a further condition char-
acterized by changes in the distal nail bed and hyponych-
ium [99]. There is tough, fibrotic tissue tethering the free
edge of the nail plate to the underlying soft structures. It
is found in both congenital [100] and acquired forms
[101]. The etiology is not clear. Patterson proposed that it
was a combination of a genetic predisposition and micro-
vascular ischemia.

The hyponychium and overhanging free nail provide a
crevice which is a reservoir for microbes, relevant in sur-
gery and the dissemination of infection. After 10 min of
scrubbing the fingers with povidone-iodine, nail clip-
pings were cultured for bacteria, yeasts and molds [102].
In 19 out of 20 patients, Staphylococcus epidermidis was iso-
lated, seven patients had an additional bacteria, eight had
molds and three had yeasts. These findings could have
significance for both surgeons and patients. However, in
a randomized trial of chlorhexidine scrub used with or
without a nail brush, the nail brush did statistically dimin-
ish the number of colony-forming units obtained from the
scrubbed hand [103].

The hand-to-mouth transfer of bacteria is suggested by
the high incidence of Helicobacter pylori beneath the nails
of those who are seropositive for antibodies and have oral
carriage. Dowsett et al. [104] found that 58% of those with
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tongue H. pylori had it beneath the index fingernail,
representing a significant (P=0.002) association.

Nail folds

The proximal and lateral nail folds give purchase to the

nail plate by enclosing more than 75% of its periphery.

They also provide a physical seal against the penetration

of materials to vulnerable subungual and proximal

regions.

The epidermal structure of the lateral nail folds is unre-
markable, and comparable with normal skin. There is a
tendency to hyperkeratosis, sometimes associated with
trauma. When the trauma arises from the ingrowth of the
nail, considerable soft tissue hypertrophy can result, with
repeated infection (such as ingrowing nails).

The proximal nail fold has three parts. Its upper aspect
is normal glabrous skin, providing no direct influence
upon the nail plate. At the point where its distal margin
meets the nail plate, it forms the cuticle (eponychium). In
health, the cuticle adheres firmly to the dorsal aspect of
the nail plate, achieving a seal. Its disruption may be asso-
ciated with systemic disorders (collagen vascular) or local
dermatoses. In the latter, it may be the avenue for contact
allergens or microbes. The ventral aspect of the proximal
nail fold is apposed to the dorsal aspect of the nail. It con-
trasts with the adjacent matrix by being thinner, with
shorter rete ridges, and having a granular layer. Keratins
expressed in the proximal nail fold may differ on its dorsal
and ventral aspects and can contrast with expression else-
where in the nail unit [15] (see “Nail growth” below).

The proximal nail fold has significance in four main
areas.
¢ It may contribute to the generation of the nail plate

through a putative dorsal matrix on its ventral aspect.
¢ It may influence the direction of growth of the nail plate

by directing it obliquely over the nail bed.

¢ Nail fold microvasculature can provide useful informa-
tion in some pathological conditions.

* When inflamed, it can influence nail plate morphology
as seen in eczema, psoriasis, habit tic deformity and
paronychia.

The first two issues are dealt with in the section on nail

growth (see “Nail growth” below), the latter under vascu-

lature (see “Vascular supply” below) and “The Nail in

Dermatological Disease” (see Chapter 6).

Immunohistochemistry of periungual tissues

Keratins

The most extensive immunohistological investigations
of the nail unit have utilized keratin antibodies. The nail
plate [14, 105], human embryonic nail unit [8, 14, 106],
accessory digit nail unit [107, 108] and adult nail unit
[15, 47, 106] have all been examined (Table 1.4).




Table 1.4 Keratins in the nail unit.

Type Il keratins  Type | Nail fold Nail bed Matrix
keratins
K1 K10 + _ +
K5 K14 + 4 -
Kéa = + +
K6b K16 - + +
K17 - _ "
K81 (Hb1) K31 (Hat) - - +
K85 (Hb5) K32 (Ha2) - - +
K86 (Hb6) K34 (Ha4) - - i
K38 (Ha8) - - +

Other keratins not found or not tested for in the nail unit
K6c (K6e/h) K15

K2 (K2e) K9

K3 K12

K4 K13

K7 K18

K8 K19

K71 (Kéirs1) K20

K72 (K6irs2) K23

K73 (K6irs3) K24

K74 (K6irs4) K25 (K25irs1)

K75 (Kéhf) K26 (K25irs2)

K76 (K2p) K27 (K25irs3)

K77 (K1b) K28 (K25irs4)

K78 (K5b) K33a (Ha3-l)

K79 (Kel) K33b (Ha3-Il)

K80 (Kb20) K35 (Ha5)

K82 (Hb2) K36 (Ha6)

K83 (Hb3) K37 (Ha7)

K84 (Hb4) K39 (Ka35)
K40 (Ka36)

Using monospecific antibodies, de Berker et al. [15, 107]
detected keratins 1 and 10 in a suprabasal location in the
matrix and noted their absence from the nail bed (Fig. 1.14)
(see “Nail growth” and “Nail plate” below). Keratins 1
and 10 are “soft” epithelial keratins found suprabasally in
normal skin [109] and characteristic of cornification with
terminal keratinocyte differentiation. Their absence from

Ke, 16, 17
K1,10, 5, 14 K5, 14

K6, 16, 17

K1, 10,
5,14

K1,10, 5, 14

K31, 34, 85, 81, 86 K6, 16,17

at tips

Figure 1.14 Distribution of keratins in the human periungual and

subungual tissues.

Calcium
Phospholipid
Sulphydryl
Disulphide
Acid
phosphatase
|:| -ve |:| +ve
staining staining

Figure 1.15 The histochemistry of the human nail plate. Nail plates were
sectioned and stained. Index, calcium; middle, phospholipid; ring, sulfydryl;
little, disulfide; thumb, acid phosphatase. Reproduced from Jarrett and
Spearman [138] with permission from the American Medical Association.

normal nail bed is reversed in disease where nail bed
cornification is often seen, alongside development of a
granular layer and expression of keratins 1 and 10 [110].
The development of a granular layer in subungual tissues
can be interpreted as a pathological sign in nail histology,
seen in a range of diseases and probably associated with
changes in keratin expression [111].

Ha-1 (K31), a “hard” keratin, is found in the matrix.
Keratin 7 has been found at other sites in the nail unit and
hair follicle, whereas Ha-1, detected by the monoclonal
antikeratin antibody LH TRIC 1, is limited to the matrix of
the nail (Fig. 1.15) and the germinal matrix of the hair
follicle [16, 107]. Other hard hair/nail keratins have been
highlighted as limited to the matrix where K85 (hHb5), K34
(hHa4), K81 (hHb1) and K86 (hHb6) have all been found



within the conventional boundaries of the matrix. Keratin
19 is probably not found in the adult matrix [8, 15, 47].
However, Moll et al. [8] did detect keratin 19 at this site in
15-week embryo nail units. Keratin 19 is also found in the
outer root sheath of the hair follicle and lingual papilla [14].

The colocalization of hard and soft keratins within
single cells of the matrix has been observed by several
workers in bovine hoof [112] and human nail [15, 113,
114], suggesting that these cells are contributing both
forms of keratin to the nail plate. This dual differentiation
continues into in vitro culture of bovine hoof matrix cells
[113]. Culture of human nail matrix confirms the persis-
tence of hard keratin expression [115, 116].

Markers for keratins 8 and 20 are thought to be specific
to Merkel cells in the epidermis. Positive immunostaining
for these keratins has been noted by Lacour et al. [106] in
adult nail matrix and de Berker et al. [15] in infant acces-
sory digits. Some workers have failed to detect Merkel
cells and while it seems likely that they are present in fetal
and young adult matrix, it may be that the cells are less
common or absent as people age [117].

The nail bed appears to have a distinct identity with
respect to keratin expression. Keratins 6, 16 and, to a lesser
degree, 17 are all found in the nail bed and are largely
absent from the matrix [15]. This finding has gained
clinical significance with the characterization of the under-
lying fault in some variants of pachyonychia congenita
where abnormalities of nail bed keratin lead to a grossly
thickened nail plate. Mutations in the gene for keratin 17
have been reported in a large Scottish kindred with the
PC-2, or Jackson-Lawlor, phenotype [118, 119]. There is a
cross-over with steatocystoma multiplex where the same
mutation of keratin 17 may cause this phenotype which
appears to be independent of the specific keratin 17 muta-
tion [120-122]. Mutations in the gene coding for Kéb pro-
duce a phenotype seen with K17 gene mutations [123].
Mutations in the K6a [124] and K16 [119] genes have been
reported in PC-1, originally described as the Jadassohn-
Lewandsky variant of pachyonychia congenita.

Expression of keratins 6, 16 and 17 extend beyond the
nail bed onto the digit pulp and are thought to match the
physical characteristics of this skin which is adapted to
high degrees of physical stress [125]. In particular, expres-
sion of keratin 17 is found at the base of epidermal ridges,
which might also support the idea that this keratin is
associated with stem cell function.

It is important to recognize that the hard keratins
responsible for the characteristics of nail tissue are the
product of an interaction between underlying mesen-
chyme fibroblasts and the overlying epithelium. Hard
nail keratins can be induced both in vivo and in vitro using
nail matrix mesenchyme and non-nail epithelium [126,
127]. Induced expression of hard keratin is not the same
as producing a nail, as the product of these experiments
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can be a poorly organized structure only recognizable as
nail in immunohistochemical terms [128]. The specific
nature of the nail mesenchyme may correspond to the
presence of nail mesenchyme versican, where versican is
a chondroitin sulfate proteoglycan and a member of the
lecticans family [129].

Non-keratin immunohistochemistry

Haneke [47] has provided a review of other important
immunohistochemically detectable antigens. Involucrin
is a protein necessary for the formation of the cellular
envelope in keratinizing epithelia. It is strongly positive
in the upper two-thirds of the matrix and elsewhere in the
nail unit [130] and weakly detected in the suprabasal lay-
ers. Pancornulin and sciellin are also detected in the
matrix [130]. The antibody HHEF35 is considered specific
to actin. It has been found to show a strong membranous
staining and weak cytoplasmic staining of matrix
cells [47].

In the dermis, vimentin was strongly positive in fibro-
blasts and vascular endothelial cells. Vimentin and
desmin were expressed in the smooth muscle wall of
some vessels. 5100 stain, for cells of neural crest origin,
revealed perivascular nerves, glomus bodies and
Meissner’s corpuscles distally.

Filaggrin could not be demonstrated in the matrix in
Haneke’s work or by electron microscopy [14]. However,
Manabe and O’Guin [131] have detected the coexistence
of trichohyalin and filaggrin in monkey nail, located in
the area they term the “dorsal matrix” which is likely to
correspond to the most proximal aspect of the human
nail matrix as it merges with the undersurface of the
proximal nail fold. Kitahara and Ogawa [114] have iden-
tified filaggrin in the human nail in the same location
and O’Keefe et al. [132] have found trichohyalin in the
“ventral matrix” of human nail, which is synonymous
with the nail bed. Manabe noted that these two proteins
coexist with keratins 6 and 16, which are more character-
istic of nail bed than matrix. It is argued that filaggrin
and trichohyalin may stabilize the intermediate filament
network of K6 and K16, which are normally associated
with unstable or hyperproliferative states. Where patho-
logical mutations of the filaggrin gene and those for
keratin 16 coexist, the phenotype may be more severe
than in the parent with the original isolated keratin gene
mutation [133].

The plasminogen activator inhibitor (PAI) type 2 has
been detected in the nail bed and matrix where it has
been argued that it may have a role in protecting
against programmed cell death [134]. The basement
membrane zone of the entire nail unit has been examined,
employing a wide range of monoclonal and polyclonal
antibodies [108]. Collagen VII, fibronectin, chondroitin
sulfate and tenascin were among the antigens detected.
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All except tenascin were present in a quantity and pattern
indistinguishable from normal skin. Tenascin was absent
from the nail bed, which was attributed to the fact that
the dermal papillae are altered or considered absent
(Table 1.5).

Nail plate

The nail plate is composed of compacted keratinized epi-
thelial cells. It covers the nail bed and intermediate matrix
and is curved in both the longitudinal and transverse
axes. This allows it to be embedded in nail folds at its
proximal and lateral margins, which provide strong
attachment and make the free edge a useful tool. This fea-
ture is more marked in the toes than the fingers. In the
great toe, the lateral margins of the matrix and nail extend
almost halfway around the terminal phalanx. This pro-
vides strength appropriate to the foot (Fig. 1.16). The nail
appears as a layered structure when examined histologi-
cally with silver stain [5], with ultrasound [135], using
optimal coherence tomography [136] or scanning electron
microscopy [137]. The different orientation of keratin
fibrils within these layers appears to lend characteristics
of both toughness and flexibility.

Lewis [5] described a silver stain that delineates the
nail plate zones. Three regions of nail plate have been
histochemically defined [138] (see Fig. 1.15). The dorsal
plate has a relatively high calcium, phospholipid and
sulfydryl group content. It has little acid phosphatase
activity and is physically hard. The phospholipid con-
tent may provide some water resistance. The intermedi-
ate nail plate has a high acid phosphatase activity,
probably corresponding to the number of retained
nuclear remnants. There is a high number of disulfide
bonds and low content of bound sulfydryl groups, phos-
pholipid and calcium. Controversy suggests that the
ventral nail plate may be a variable entity [139]. Jarrett
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and Spearman [138] described it as a layer only one or
two cells thick. These cells are eosinophilic and move
both upwards and forward with nail growth. With
respect to calcium, phospholipid and sulfydryl groups,
it is the same as the dorsal nail plate. It shares a high acid
phosphatase and frequency of disulfide bonds with the
intermediate nail plate.

Ultrasound examination of in vivo and avulsed nail
plate suggests that it has the physical characteristics of a
bilamellar structure [140]. There is a superficial dry com-
partment and a deep humid one. This has been given as
evidence against the existence of a ventral matrix contribu-
tion to the nail plate. Synchrotron x-ray microdiffraction
has been used to identify a trilamellar structure, where
the dorsal and ventral fibers run transversely and the cen-
tral fibers run in the longitudinal axis of the nail plate,
occupying 70% of nail plate thickness. This lamination
enhances nail resistance to tear and fracture forces in
multiple axes [141].

The upper surface of the nail plate is smooth and may
have a variable number of longitudinal ridges that change
with age. These ridges are sufficiently specific to allow
forensic identification and the distinction between identi-
cal twins [142]. Lyonization studies suggest that there is a
sustained pattern of X-inactivation within the progenitor
cells of single longitudinal nail ridges [143]. The ventral
surface also has longitudinal ridges that correspond to
complementary ridges on the upper aspect of the nail bed
(see “Nail bed and hyponychium” above) to which it is
bonded (Fig. 1.17). These nail ridges may be best exam-
ined using polarized light. They can also be used for
forensic identification [144], as may blood groups from
fragments of nail plate [145].

The nail plate gains thickness and density as it grows
distally [12] according to analysis of surgical specimens.
In vivo ultrasound suggests that there may be an 8.8%

/)

Figure 1.16 Nail plate association with soft

tissue and bone in the finger and toe. (a) In

the finger, the nail plate has modest transverse
curvature and shallow association with soft
tissues. (b) In the great toe, the nail plate has more
marked transverse curvature and deep soft tissue
association. This makes it appropriate to the foot
but also accounts for the tendency to ingrow and
the need for deep lateral extirpation at lateral
matricectomy.
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Figure 1.17 Scanning electron micrograph of the nail bed demonstrating
longitudinal ridges.

f@

Figure 1.18 Shaded areas represent 7-day periods of nail growth,
separated by 1 month with transition of nail from horizontal to oblique
axis over 4 months.

Figure 1.19 Fungal spores and hyphae can be seen in the stained section
of a nail clipping taken from a nail with onychomycosis.

reduction in thickness distally [146]. A thick nail plate
may imply a long intermediate matrix. This stems from
the process whereby the longitudinal axis of the inter-
mediate matrix becomes the vertical axis of the nail
plate (Fig. 1.18). Other factors, like linear rate of nail
growth [147], vascular supply, subungual hyperkerato-
sis and drugs, also influence thickness.

In clinical practice, histology of the nail plate may be
useful in the identification of fungal infections in culture-
negative specimens [41, 47] (Fig. 1.19). It may also be
used to identify the dorsoventral location of melanin in

the nail clipping of a longitudinal melanonychia and
hence allow prediction of the site of melanocyte activity
in the intermediate matrix [148, 149]. Sonnex et al. [4]
describe the histology of transverse white lines in
the nail.

Germann et al. [150] utilized a form of tape-stripping
in conjunction with light microscopy to examine dorsal
nail plate corneocyte morphology in disease and health.
They found that conditions of rapid nail growth (psoria-
sis and infancy) resulted in smaller cell size. Nail keratin
protein has been sampled and quantified using a similar
tape-stripping method followed by colorimetric quanti-
fication [151].

Electron microscopy

Scanning electron microscopy has added to our under-
standing of onychoschizia [152, 153] as well as basic nail
plate structure [154, 155]. In the normal nail, corneocytes
can be seen adherent to the dorsal aspect of the nail
plate. In cross-section, the compaction of the lamellar
structure is visible. Both these features can be seen to be
disrupted in onychoschizia following repeated immer-
sion and drying of the nail plates. Scanning electron
microscopy has also been used for assessing the location
of fungal invasion into the nail plate [156, 157] although
the lack of differential staining seen in routine light
microscopy may mean that the latter is usually more
useful.

Transmission electron microscopy has been used to
identify the relationship between the corneocytes of the
nail plate [89]. Using Thierry’s tissue-processing tech-
niques, material for the following description has been
provided. Cell membranes and intercellular junctions are
easily discernible (Fig. 1.20). Even though at low magnifi-
cation one can differentiate the dorsal and intermediate
layers of the nail plate, the exact boundary is unclear
using transmission electron microscopy. Cells on the dor-
sal aspect (34x60x2.2um) are half as thick as ventral
cells (40x50x5.5um), with a gradation of sizes in
between. In the dorsal nail plate, large intercellular spaces
are present corresponding to ampullar dilations
(Figs 1.21, 1.22). These gradually diminish in the deeper
layers and are absent in the ventral region. At this site,
cells are joined by complete folds, membranes of adjacent
cells appearing to penetrate each other to form “anchor-
ing knots.”

Corneocytes of the dorsal nail plate are joined laterally
by infrequent deep interdigitations. The plasma mem-
branes between adjacent cell layers are more discretely
indented, often with no invaginations (see Fig. 1.20). In
the deeper parts of the nail plate, the interdigitations are
more numerous but more shallow (see Fig. 1.20). No tight
or gap junctions are seen in either of the major nail layers
in this series [89] although they were identified previously
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Figure 1.20 (a) Transmission electron micrograph of the upper part of the nail plate. The corneocytes are flattened and joined laterally by infrequent deep
interdigitations (broad arrow). (b) The cell membranes between adjacent cell layers are discretely indented and in parts without invaginations: Thiery’s

technique. Courtesy of G. Achten.

@

Figure 1.21 (a) Upper part of the nail plate showing ampullar dilations (A). (b) Lower part of the nail plate showing anchoring knots (K). The only

cell-to-cell coupling observed (C) is a desmosome. Courtesy of G. Achten.

by Forslind and Thyresson [154]. The intercellular
material is homogeneous and separated from the cell
membrane by two thin electron-dense lines. The space
between the cell membranes varies from 25 nm to 35 nm
(see Figs 1.20, 1.22). No complete desmosomal structures
are seen.

Nail bed cells show considerable infolding and inter-
digitation at their junction with the nail plate cells
(Fig. 1.23). They are polygonal and show no specific align-
ment. They are between 6 and 20 pm across and show
neither tight nor gap junctions. They do, however, have
desmosomal connections of the type seen in normal
epidermis (Fig. 1.24).

(b)
Figure 1.22 (a,b) Upper part of the nail plate as shown in Fig. 1.20, in greater detail. Courtesy of G. Achten.

Cryoelectron microscopy allows examination of
fractured intracellular components in great detail without
the artefacts normally associated with the chemical pro-
cessing and coating of traditional electron microscopy
(EM) techniques. Using this approach, the trichocyte
intermediate filaments have been examined in rat vibris-
sae. Although these may differ from human nail in some
respects, they will share the designation of hard keratins
and so allow some transferable observations. The main
observation was that the classic keratin fibril structure is
the same, but a further arrangement of satellite proteins
“decorates” the keratin. These proteins are suspected of
being high sulfur amino acid proteins lending the keratin



some of its rugged character [158], possibly through
enhancing cross-linking between keratins and increasing
their stability [159].

Using different preparation techniques, other workers
have demonstrated other anatomical details. On the

Figure 1.23 Corneocytes of the lowest part of the nail plate (Lp) sending
out numerous digitations (D) penetrating the hyponychial nail bed cells (H).
Courtesy of G. Achten.
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cytoplasmic side of the cell membranes of nail plate cells
lies a layer of protein particles [85, 86, 160]. Other stain-
ing techniques suggest that the single type of intercellu-
lar bond described by Parent et al. [89] may be a spot
desmosome [161].

Vascular supply

Arterial supply

The vascular supply of the finger is considered in detail
here. Many of the anatomical principles may be extended
to the anatomy of the foot and toe, whilst details can be
sought elsewhere [6].

The radial and ulnar arteries supply deep and superfi-
cial palmar arcades that act as large anastomoses between
the two vessels. From these arcades extend branches
aligned with the phalanges. Four arteries supply each
digit, two on either side. The dorsal digital arteries are
small and arise as branches of the radial artery. They
undertake anastomoses with the superficial and deep
palmar arches and the palmar digital vessels before
passing distally into the finger. The palmar digital arteries
provide the main blood supply to the fingers. They receive
contributions from the deep and superficial palmar
arcades. Although paired, one is normally dominant

Ampullar dilatation

~
/_”%

Desmosome x

Anchoring knots

Figure 1.24 Intercellular junctions of the three
parts of the nail: 1, upper plate; 2, lower plate;
3, hyponychial ventral nail with desmosome as

Desmosome  seen by Thiery’s technique. Courtesy of G. Achten.
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Figure 1.25 Arterial supply of the distal finger.

[162]. They anastomose via dorsal and palmar arches
around the distal phalanx. The palmar arch is located in a
protected position, beneath the maximal padding of the
finger pulp and tucked into a recess behind the protruber-
ant phalangeal boss (Fig. 1.25). This is of functional value
as it protects against occlusion of the blood supply when
the fingers exert maintained grip.

The dorsal nail fold arch (superficial arcade) lies just
distal to the distal interphalangeal joint. It supplies the
nail fold and extensor tendon insertion. It is tortuous,
with numerous branches to the intermediate nail matrix.
Its transverse passage across the finger can be roughly
located by pushing proximally on the free edge of the nail
plate. This produces a faint crease about 5 mm proximal
to the cuticle and is both the cul de sac of the proximal
nail fold and the line of the dorsal nail fold arch.

The subungual region is supplied by distal and
proximal subungual arcades, arising in turn from an
anastomosis of the palmar arch and the dorsal nail fold
arch. Helpful studies on adults and fetuses have been
performed by Flint [163], Wolfram-Gabel and Sick [62]
and Sangiorgi [95]. The latter made use of corrosion
casting on cadaver digits to demonstrate the complex
microvasculature.

The tortuosity of the main vessels in the finger is a nota-
ble feature. Vessels may turn through 270° and resemble a
coiled spring [162]. Functionally, this can be interpreted
as protection against occlusion by kinking in an articu-
lated longitudinal structure.

Venous drainage

Venous drainage of the finger is by deep and superficial sys-
tems. The deep system corresponds to the arterial supply.
Superficially, there exist the dorsal and palmar digital veins,
which are in a prominent branching network, particularly
on the dorsal aspect. However, in the microsurgical tech-
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niques needed to restore amputations, it appears that dis-
tally, the palmar superficial veins are largest [164].

Although the arterial supply to the nail unit is substan-
tial, the matrix will tolerate only limited trauma before
scarring [53]. A longitudinal biopsy of greater than 3 mm
is likely to leave a permanent dystrophy. Equally, it
appears to need a precise, not just abundant, blood sup-
ply. Non-vascularized split-thickness nail bed grafting is
moderately successful for the nail bed, but not for inter-
mediate matrix [55]. This is in the presence of otherwise
adequate local blood supply at sites of previous trauma.
Toenail matrix grafts can be made successfully if they are
transplanted with associated soft tissue and a venous
pedicle [54]. The local arterial supply is then anastomosed
through this pedicle.

Effects of altered vascular supply

Impaired arterial supply can have a considerable effect
upon the finger pulp and nail unit. Lynn et al. [165] claimed
that there was almost complete correlation between
occluded arteriographic findings and the presence of
paronychial infection or ulceration, ridged brittle fingernails
or phlyctenular gangrene. Samman and Strickland [166]
reviewed the nail dystrophies of 41 patients with features of
peripheral vascular disease. In this uncontrolled study, they
observed that onycholysis, Beau’s lines, thin brittle nails
and yellow discoloration were all attributable to ischemia
in the absence of other causes. It has also been suggested
that congenital onychodysplasias may result from digital
ischemia in utero [35]. Immobilization might be associated
with diminished local blood supply and has been noted to
reduce nail growth [167]. Conversely, the increased growth
associated with arteriovenous shunts may reflect the role
of greater blood flow [168]. Clubbing constitutes a change
in both the nail and nail bed. It is believed that it arises
secondary to neurovascular pathology. Postmortem studies
suggest that it is due to increased blood flow with vasodila-
tion rather than vessel hyperplasia [169].

Nail fold vessels

The nail fold capillary network [170] is seen easily with a
x4 magnifying lens, dermatoscope [171] or ophthalmo-
scope. The latter should be set at +40 and the lens held
very close to a drop of oil on the nail fold. The network is
similar to the normal cutaneous plexus in health, except
that the capillary loops are more horizontal and visible
throughout their length. The loops are in tiers of uniform
size, with peaks equidistant from the base of the cuticle
(Fig. 1.26) [172]. The venous arm is more dilated and
tortuous than the arterial arm. There is a wide range
of morphologies within the normal population [173].
Features in some disorders may be sufficiently gross to be
useful without magnification, erythema and hemorrhages
being the most obvious.
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Figure 1.26 Capillary loops visible in the proximal nail fold. NP, nail plate;
C, cuticle.

In the first 10 years of life, the pattern of nail fold vessels
is immature [174]. Microscopy of small vessels in adult-
hood can be of diagnostic value in some connective tissue
diseases [175, 176]. Pathological features include venous
plexus visibility, density of capillary population, avascular
fields, hemorrhages, giant capillaries and cessation of
blood flow following cooling. When determined quantita-
tively, using television microscopy, Studer found it possi-
ble to distinguish between systemic and disseminated
cutaneous lupus erythematosus, and between localized
and systemic sclerosis [177]. In patients with undifferenti-
ated connective tissue disease, it may be possible to predict
which will progress to systemic sclerosis by undertaking
quantitative analysis of nail fold vessel dimensions. The
larger the vessels, the more likely that the condition is
going to progress [178]. The mechanism of dilated vessel
evolution may in part arise from impaired fibrinolysis,
macroglobulinemia and cryoglobulinemia [172].

Fibrinogen may increase in subjects in renal failure on
continuous ambulatory peritoneal dialysis. This has been
proposed as a cause for the changes seen in nail fold
vessels of such patients in proportion to abnormalities
of urea and uric acid clearances [179]. Nail fold vessel
changes may also occur in psoriasis and appear to corre-
late with nail pitting, onycholysis and periungual psori-
atic plaques [180]. However, it can be imagined that
clinical or subclinical elements of cutaneous psoriasis
may represent the underlying change in vessel pattern.

The capillary networks in the normal nail fold of toes
and fingers have been compared using videomicroscopy.
This has revealed a greater density of capillaries in the
toenail fold but with a reduced rate of flow [181]. The
exact pattern of an individual’s nail fold vessels can be
used as an identifying characteristic [182].

Intravenous bolus doses of Na-fluorescein dye have
been followed through nail fold microscopy [183]. There
is rapid and uniform leakage from the capillaries in nor-
mal subjects to within 10 um of the capillaries. It is sug-
gested that a sheath of collagen may prevent diffusion
beyond this point. The same procedure has been fol-
lowed in patients with rheumatoid arthritis, demonstrat-
ing decreased flow rates and abnormal flow patterns, but
no change in vessel leakage [184]. Static nail fold micros-
copy has been used for the investigation of Raynaud
phenomenon [185]. It is possible to assess vascular toxic-
ity affecting nail fold vessels following chemotherapy,
using the same method [186]. A small number of labora-
tories are also able to employ in vivo capillary pressure
measurement for nail fold vessels [187]. Video studies
can be used to measure red cell velocity in nail fold capil-
laries [188] which has been used as a means of quantify-
ing vascular damage in subjects with systemic sclerosis
[189]. Systemic sclerosis and other microvascular disor-
ders can be usefully assessed using laser Doppler, which
can be combined with videocapillaroscopy for further
detail [190].

Ultimately, histological information on the vessels and
tissue of the nail folds may be helpful. The technique and
benefits of nail fold biopsy have been described [191].
Amyloid deposits, subintimal hyalinosis and severe der-
mal fibrosis are cited as useful supplementary informa-
tion yielded by biopsy.

Glomus bodies

A glomus is defined as a ball, tuft or cluster, a small con-
glomeration or plexus of cavernous blood vessels. In the
skin it is an end-organ apparatus in which there is an arte-
riovenous anastomosis bypassing the intermediary capil-
lary bed. This anastomosis includes the afferent artery
and the Sucquet-Hoyer canal. The latter is surrounded by
structures including cuboidal epithelioid cells and cells
possibly of smooth muscle or pericyte origin (Zimmerman
type). These are surrounded by a rich nerve supply and
then the efferent vein which connects with the venous
system outside the glomus capsule.

The nail bed is richly supplied with glomus bodies and
their presence in histological specimens should be inter-
preted in this context, rather than assuming that their
abundance has some pathological significance. These are
neurovascular bodies which act as arteriovenous anasto-
moses (AVA). AVAs are connections between the arterial



Figure 1.27 Sensory supply of the hand.

and venous side of the circulation with no intervening cap-
illaries. Each glomus body is an encapsulated oval organ
300 um long composed of a tortuous vessel uniting an
artery and venule, a nerve supply and a capsule. It con-
tains many modified large muscle cells, resembling epithe-
lioid cells, and cholinergic nerves. Digital nail beds contain
93-501 glomus bodies per cm?®. They lie parallel to the cap-
illary resevoirs which they bypass. They are able to con-
tract asynchronously with their associated arterioles such
that in the cold, arterioles constrict and glomus bodies
dilate. They can thus serve as regulators of capillary circu-
lation, acquiring the name “the peripheral heart of Masson”
[192]. They are particularly important in the preservation
of blood supply to the peripheries in cold conditions.

Nerve supply

The periungual soft tissues are innervated by dorsal
branches of paired digital nerves. Wilgis and Maxwell [193]
stated that the digital nerve is composed of three major fas-
cicles supplying the digit tip, with the main branch passing
under the nail bed and innervating both nail bed and
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matrix [194]. Winkelmann [195] showed many nerve end-
ings adjacent to the epithelial surface, mainly in the nail
folds. Serial dissections of cadaver hands demonstrate that
there is often dual sensory innervation of the nail unit on
the dorsal aspect of the digit which is relevant when
attempting anesthesia with ring block [196] (Fig.1.27).

Comparative anatomy and function

The comparative anatomy of the nail unit can be consid-
ered from two aspects. There is the comparison of the nail
with other ectodermal structures and most particularly
hair and its follicle. The nail can also be viewed in an evo-
lutionary setting alongside the hoof and claw. In this
respect, the functional qualities of the nail or its equiva-
lent are exemplified by the morphological differences in
different species.

The human nail can be considered to have many
mechanical and social functions, the most prominent of
which are:

e fine manipulation
e scratching




Unfolding

Outer root
sheath
Inner root
sheath

Matrix

Bisection

Unfolding

e physical protection of the extremity

e as a vehicle for cosmetics and esthetic manipulation.
In comparison with other species, the first three functions
have evolved with detailed physical modifications in the
form of the hoof, claw and nail.

The nail and other appendages

An appendage is formed through the interaction of meso-
derm and ectoderm, which in differentiated states usually
means the interaction between dermis and epidermis.
Those appendages most closely related to nail include
hair and tooth. There are many shared aspects of different
appendages, illustrated by diseases, morphology and
analysis of the biological constituents.

Congenital abnormalities of hair, tooth and nail coexist
in several conditions, underlining their common ground.
Ectodermal dysplasias represent a group of disorders in
which these appendages, as well as eccrine sweat glands,
may be affected in association with skin changes.

In some conditions, only two of the appendages seem
to be affected, such as the hair and nail changes described
by Barbareschi et al. [197] or tooth and nail changes in the
hypodontia and nail dysplasia syndrome (Witkop tooth
and nail syndrome) [198, 199]. Alternatively, the same
genetic defect, such as a mutation in the gene for keratin
17, may underlie two separate diseases where the nail is
abnormal in one phenotype and the hair follicle in the
other [200]. Presumably an additional factor determines
which of the possible phenotypes prevails.

While diseases illustrate interrelationships between
appendages, further common ground can be defined in
terms of morphology. Achten [201] noted that the nail unit
was comparable in some respects to a hair follicle, sec-

Abbreviation on one side

Figure 1.28 Models of hair follicle/nail unit
homology.

tioned longitudinally and laid on its side (Fig. 1.28). Perrin
has also described the area between the nail bed and hypo-
nychium as the nail isthmus, to emphasize the resem-
blance to the isthmus of the hair follicle [202]. The hair
bulb was considered analogous to the intermediate nail
matrix and the cortex to the nail plate. As a model to stim-
ulate thought, this idea is helpful. It also encourages the
consideration of other manipulations of the hair follicle
that might fit the analogy more tightly. The nail unit could
be seen, as in Figure 1.28, as an unfolded form of the hair
follicle, producing a hair with no cortex, just hard cuticle.
Scanning electron microscopy of the nail confirms that its
structure is more similar to compacted cuticular cells than
cortical fibers. A third model could represent the nail unit
as a form of follicle abbreviated on one side, providing
a modified form of outer root sheath to mold and direct
nail growth in the manner of the proximal nail fold (see
Fig. 1.28). The matrix and other epithelial components of
tooth can be seen in a similar comparative light and even
the lingual papilla, which shares some keratin expression
with the nail, shows some morphological similarities with
the nail and hair follicle [131].

In pachyonychia congenita where alopecia is found,
transverse sections of scalp follicles reveal dyskeratosis of
the outer root sheath, attracting comparisons with the nail
bed [203]. In some diseases immunological focus is shared
between nail matrix and hair follicle, as in lichen planus
and alopecia areata. This suggests common ground in
immunological identity, which could be related to specific
keratins. Ito [204] described a pattern of relative immune
privilege in the proximal nail matrix similar to that seen
in the hair follicle which might normally play a part in
blocking the autoimmune attention of white cells. Defects



Figure 1.29 Localization of immunoreactivity

of the hard keratin Ha-1 in (a) the anagen hair

follicle (x200), (b) the nail unit (x10) and (c) the

human lingual papilla (x500). After Westgate et al.

[16] with permission from Wiley-Blackwell. (a
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Figure 1.30 Comparison of hoof, nail b View Distal
and claw and their matrix (red) origins. a phalanx

in this could open the way to a common path and mani-
festation of disease (Fig. 1.29).

The character of the nail plate and hair has led to their
use in assays of circulating metabolites. They both lend
themselves to this because they are long-lasting structures
that may afford historical information. Additionally, their
protein constituents bind metabolites and they provide
accessible specimens. This allows both hair and nail to be
used in the detection of systemic metabolites which may
have disappeared from the blood many weeks previously
(see “Exogenous materials in nail analysis” below).

Phylogenetic comparisons

The structure of claws and hooves and their evolutionary
relationship to the human nail have been well reviewed
[205]. In higher primates, nails have developed with the
acquisition of manual dexterity. Other mammals do not
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possess such flattened claws from which nails have
evolved (Fig. 1.30).

The lowest evolutionary level at which claws are seen is
in the amphibia [206]. The matrix contributes the greatest
mass to the nail plate in humans and other primates, with
a lesser contribution from the dorsal and nail bed matri-
ces. Claws are formed from an extensive germinal matrix,
which occupies the territory of the nail bed in primates
[207]. It is sometimes described as comprising a dorsal
and ventral component [208], where differential growth
of these components is responsible for the curve. The ori-
entation of the matrix and hence growth of nail may be
influenced by the shape of the underlying phalanx [207].
It is postulated that their sharp tip is produced by a dom-
inant midline matrix.

Claws are significantly more three-dimensional than
nails and this is achieved by the coronal distribution of




matrix tissue around the terminal phalanx. If this is recog-
nized, the comparisons between other hard keratinized
animal appendages such as horns and beaks become
obvious. All these structures share physical and biochem-
ical attributes specific to their biological character and
function. In some respects, the upper beak has more in
common with the morphology of the nail than do claws
and comparisons have been made in both structure and
constituents between beak and claw [209]. The disorders
of claws presenting to one university veterinary service
demonstrated a preponderance of trauma and bacterial
infection [210] (Table 1.6). This differs from dermatologi-
cal experience in humans where complaints are usually
attributable to dermatoses such as psoriasis or eczema or
to fungal infection.

Claws and talons are harder than nails, probably
because of the content of calcium as crystalline
hydroxyapatite within keratinocytes (cf. human nails)

Table 1.6 Proportion of diagnoses of dogs with disorders of the claws
from a study of 196 affected dogs.

Diagnosis % of cases
Bacterial paronychia 35.5
Trauma 22
Neoplasia 14

Fungal 4

Lupoid 4

Bullous disorder 4
Demodicosis 1

Systemic illness 0.5
Idiopathic 15

Adapted from Scott and Miller [210] with permission from Lingua.
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[211]. A study of onychomadesis (nail shedding) in dogs
looked at mineral constituents of normal claws, human
nails and the hooves of cows and pigs [212]. It appears
that there is no particular pattern of homology between
different species in this respect (Table 1.7).

Keratin immunohistochemistry for epithelial and hair/
nail keratins has made it easier to identify the types of
keratins found in animal appendages. Such studies illus-
trate substantial homology between the canine claw and
human nail [213] and, to a lesser extent, similarities with
the reptilian claw [214]. The anatomy of the equine hoof
allows comparison with human nails but there are also
substantial differences, including the presence of some
keratins, K42 and K124, not found in human tissue [215].
In some instances, animal mutants have helped corrobo-
rate the role of a specific keratin in the human phenotype.
Mice with mutation of the gene expressing K75 (K6hf)
demonstrate features similar to humans with pachyo-
nychia congenita where the human K75 gene is also
known to be at fault [216].

Orientation of keratin microfibrils may contribute to
their strength. Fourier-transform Raman spectroscopy
shows that bird and reptile claws are made up mainly of
B-sheeted keratin in contrast to the predominantly o-helical
keratin conformation of human nail keratin [217].

Claws and nails have more in common with each
other than they do with hooves. However, the bovine
hoof has provided a useful source of research tissue for
experiments on colocalization of hard and soft keratin
expression in matrix cells and the characteristics of
matrix cells in tissue culture [113]. Hooves have evolved
to provide a “bulky claw” for weight bearing and loco-
motion over hard ground [218]. It is interesting that
among the prosimians, tarsiers have nails on all digits
apart from the second and third digits of the hindlimb
which bear claws [205]. In hooves, the nail fold and root
have been displaced backwards with a forwards exten-
sion of the nail bed. The hard “soft plate” under hooves

Table 1.7 Mineral content (expressed as mg/kg, standard error in parentheses).

Mineral Dog claw Porcine hoof Bovine hoof Human nail
Calcium 771 (83) 1699 (50) 1481 (25) 671 (806)
Magnesium 238 (21) 220 (10) 300 (11) 100 (121)
Iron 268 (31) 73 (8) 17 (1.1) 29 (64)
Potassium 430 (53) 1050 (30) 785 (53) -
Sodium 676 (50) = 523 (16) 2400 (1800)
Copper 6.3 (0.5) 4.6 (0.13) 8.3(0.3) 29 (89)
Zinc 129 (5) 160 (4) 128 (1.7) 106 (154)

Adapted from Harvey and Markwell [212] with permission from Wiley-Blackwell.



is produced from an area equivalent to the subungual
part of the claw. In some animals, cloven hooves have
only developed on the digits that touch the floor. In
horses, the single large hoof is produced from the third
digit. The typical hoof shape is due to a deep, back-
wardly placed root matrix with the ventral plate formed
from the subungual epidermis. The microfibrils in
hooves are from 25 to 100nm in diameter. The orienta-
tion of the fibrils is along the main axis of the hoof, simi-
lar to the hair cortex.

Physiology
Nail production

Definition of the nail matrix

In the first section, we have attempted to define the matrix
in anatomical terms, assisted by histology and immuno-
histochemistry illustrating regional differentiation within
the nail unit and in particular with respect to keratin
expression. These measures provide indirect information
on aspects of nail production and help us to address the
central question of which tissues produce nail plate and
which simply support and surround it. There is consider-
able biological and clinical relevance to this point, given
that the focus of embryogenesis, damage repair and dis-
ease processes are better understood if the exact location
of nail formation is established.

Lewis 1954

Zaias & Alvarez 1968;
Norton 1971

Johnson et al.
1991, 1993

de Berker & Angus
1996;

de Berker et al.
1996

Figure 1.31 Theories of nail plate origin.
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The location or existence of nail matrix tumors is often
poorly defined because there is a lack of awareness of the
site and pivotal role of nail matrix disturbance in the
creation of abnormal nail morphology. Equally, diagnos-
tic biopsies or sampling can be misdirected if the likely
source of nail abnormalities is not recognized at the out-
set; a clear prognosis following surgery or trauma cannot
be given unless the clinician understands the relative con-
tributions of the nail matrix and nail bed.

In spite of the importance of the question, controversy
remains as to the relative contributions of the three
putative nail matrices to the nail plate. The three con-
tenders are the dorsal, intermediate and ventral matrices
(Fig. 1.31). The first is part of the proximal nail fold, the
last is the nail bed. Lewis [5] claimed that the nail plate
demonstrated a three-layer structure on silver staining
and that each layer derived from one of the possible
matrices. This remains one of the indirect histological
methods of defining the matrix which have been supple-
mented by more direct measures of nail plate production.

Markers of matrix and nail bed proliferation

Zaias and Alvarez [11] disagreed with Lewis on the basis
of in vivo autoradiographic work on squirrel monkeys,
where dynamic aspects of the process were being
examined. Tritiated thymidine injected into experimental
animals was only incorporated into classic matrix (or
intermediate matrix, to use Lewis’s terminology). Norton
used human subjects in further autoradiographic studies

Origin of nail Evidence
Matrix Silver staining
Ventral PNF and histology
Nail bed
K¢
(&) Matrix: 100% Tritiated thymidine
and glycine
Matrix: 79% Nail plate thickness
Nail bed: 21%
I
Matrix: 100% a, Nail plate cells
31% : 19% numbers
b, Cell proliferation
markers
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[219]. Although there was some incorporation of radiola-
beled glycine in the area of the nail bed, it was in a poorly
defined location, making clear statements impossible.
Immunohistochemical techniques allow us to examine
proliferation markers in human tissue, without the draw-
backs of autoradiography. Antibodies to proliferating
cell nuclear antigen and to the antigen K1-67 associated
with cell cycling have been used on longitudinal sections
of healthy and diseased nail units [202, 220]. Both mark-
ers demonstrate labeling indices in excess of 20% for the
nail matrix, in contrast with 1% or less for the nail bed in
healthy tissue. The differences are less marked according
to Perrin [202], with an index of 21% in the matrix and
5% in the nail bed. In psoriatic nail and onychomycosis,
the labeling index of nail bed rises to >29%. While these
indices do not directly measure nail plate production, a
very low index for normal nail bed is consistent with
other studies suggesting that the nail bed is an insignifi-
cant player in normal nail production. The situation may
change in disease and the definition of nail plate becomes
difficult when substantial subungual hyperkeratosis pro-
duces a ventral nail of indeterminate character [139].

Nail plate indicators of matrix location

Johnson et al. [12, 221] dismissed the evidence of Zaias,
claiming that the methodology was flawed. They exam-
ined nail growth by the measurement of change in nail
thickness along a proximal to distal longitudinal axis.
They demonstrated that 21% of nail plate thickness in
traumatically lost big toenails was gained as the nail grew
over the nail bed. This was taken as evidence of nail bed
contribution to the nail plate.

A similar study developed this observation with his-
tology of the nail plate taken at fixed reference points
along the longitudinal nail axis and comparing nail
plate thickness at these sites with numbers of corneo-
cytes in the dorsoventral axis of the nail [57]. The result
of this was to confirm the observation that the nail plate
thickens over the nail bed but that this is not matched by
an increase in nail cells. In fact, the number of cells
reduces by 10%, but this was not of statistical signifi-
cance. These combined studies may be reconciled if we
propose that the shape of cells within the big toenail
becomes altered with compaction as the nail grows. This
is likely where clinical experience shows that the nail
develops transverse rippling where there is habitual
distal trauma.

If the loss of nail cell numbers along the nail bed is a
genuine observation, it might suggest that cells are being
shed from the nail surface. This is compatible with the
status of nail plate as a modified form of stratum cor-
neum. Heikkild et al. [222] provide evidence in support
of this where nail growth was measured by making
indentations on the nail surface and measuring the change

in the volume of these grooves as they reach the free edge.
There was a reduction of volume by 30-35%, which was
taken as evidence of a nail bed contribution to the nail
plate. However, this interpretation is less believable than
the possibility that the nail is losing cells from the surface,
and histology of grooves in a similar study shows that
this is likely to be the case [223].

Flow cytometry of matrix cells

Haneke and Kiesewetter (unpublished data) have per-
formed flow cytometry on matrix cells obtained during
surgical lateral matrixectomy for ingrowing nail. This
demonstrated that 94% of the matrix cells were in G0/1
phase, 3.4% in S phase and 2% in G2+M phase. The cor-
responding values for matrix connective tissue cells
were 96.6% for G0/1, 2.3% for S and 1.1% for G2+M
phases. The differences between matrix cells and associ-
ated connective tissue were statistically significant. This
suggests that the percentage of cells in the phase of DNA
synthesis and mitosis (S plus G2+M phases) in the nail
matrix is much lower than that of hair matrix cells and
equals that of the cells in the hair root sheath. However,
the values may have been underestimated in this experi-
ment if the matrixectomies failed to sample the most
basal matrix cells, as can happen in this operation. Also,
this technique was not applied to distinguish nail
bed from matrix and does not directly address the issue
of which tissues are primarily involved in nail plate
production.

Clinical markers of matrix location

The clearest demonstration of nail generation is the effect
of digit amputation at different levels. Trauma within the
lunula is more likely to cause irreparable nail changes
than that of the nail bed [224]. This observation is true
for adults and children alike, although the likelihood of
normal regrowth is greater in children with similar
trauma [225]. Longitudinal biopsies of the entire nail unit
within the midzone of the nail are said to cause a chronic
split if the width of the biopsy exceeds 3mm [53]. How-
ever, there are several factors in addition to the width of
the biopsy that can contribute to scarring with longitudi-
nal biopsies and smaller biopsies in the midzone can also
give long-term problems.

In some circumstances, most commonly old age, there
is a pattern of subungual hyperkeratosis associated with
nail thickening whch gives the impression of a nail bed
contribution to the nail plate. Historically, this has been
referred to as the solenhorn (Fig. 1.32) and considered a
germinal element of the hyponychium. Samman consid-
ered this issue in the context of a patient with pustular
psoriasis [139] and concluded that the ventral nail is a
movable feast, manifesting itself in certain pathological
circumstances.
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Figure 1.32 Vestigial solenhorn seen as focal subungual hyperkeratosis.
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Figure 1.33 Change in shape and direction of the cells within the
epidermis and the nail matrix.

Normal nail morphology
The main issues in normal nail morphology are: why is it
flat and why is the free edge rounded and not pointed?
Factors influencing nail plate thickness are dealt with
earlier (see “Nail plate” above).

Why does the nail grow out straight?

The first question was addressed in an article by Kligman
[226] entitled “Why do nails grow out instead of up?.”
His hypothesis was that the proximal nail fold acts to
mold the nail as it moves away from the matrix, giving an
oblique growth path. From observing other keratinizing
epithelia, he noted that growth is normally parallel to the
axis of keratinization. From this, he considered it anoma-
lous that nails grow out along the nail bed and not
upwards (Fig. 1.33). A patient with the nervous habit of
chewing off the proximal nail fold did not provide an
adequate experiment to demonstrate its function. How-
ever, when given the opportunity to autograft 5mm
matrix punch biopsies from digit to forearm, nail tissue
was seen to grow upwards like a cutaneous horn. This
was presented as proof of the hypothesis.

Baran was in disagreement [227] and presented evi-
dence from surgical experience in the removal of the
proximal nail fold and the lack of subsequent change in
the nail. He also challenged the validity of Kligman'’s
experiment on the basis that the underlying terminal
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phalanx has a great influence upon nail growth [38] and
this was lost in transplanting the graft to the arm.

Since this debate, bone morphogenetic protein has
emerged as part of the TGF-§ family of mediators. It is
found in many different forms with a range of morphoge-
netic roles. In relation to the formation of the nail unit,
it has been proposed that there is a two-way process
whereby it is supportive of nail unit development, but
equally that the nail unit plays a part in the regeneration
of the distal phalanx when it is lost through trauma in
infancy [30] and these processes may in part be mediated
through BMP4.

Further examples of ectopic nail growth still leave room
for disagreement [228] and the relevance of acquired bone
and nail changes occurring in tandem has its own
literature. Carpal tunnel syndrome can result in abnormal
nails alongside acroosteolysis and ischemic skin lesions
[229]. The reversal of many of the skin and nail features
on treatment of the carpal tunnel compression suggests a
neurovascular origin to both nail and bone changes in this
pattern of acroosteolysis. Where the etiology of the oste-
olysis is termed idiopathic, there are also nail changes
[230]. It seems unlikely that these cases represent a spe-
cific influence of bone upon nail formation, but rather
that both structures are responding to some undefined
agent. There is a wide range of primary disorders in
which secondary osteolysis and altered nails are recog-
nized complications [230].

All the models demonstrating the influence of the dif-
ferent periungual tissues and bone upon the nail are
flawed. Those above do not acknowledge the adherent
quality of the nail bed as an influential factor, or the guid-
ing influence of the lateral nail being embedded in the
lateral nail folds. The role of the nail bed becomes mani-
fest in psoriasis affecting the toes where the combination
of subungual hyperkeratosis and trauma can produce
upward-growing nails in the presence of an apparently
normal proximal nail fold. It is reasonable with our pre-
sent knowledge to consider horizontal nail growth as
being attributable to more than one part of the nail unit
(Fig. 1.34).

What determines the contour of the free edge?

The second issue is why are nails rounded and not
pointed? This has generally been accepted as being a
function of the shape of the lunula, as illustrated in
Figure 1.35. The mechanism of this is seen in Figure 1.34.
Given that nails are growing continuously throughout
life, it is possible to argue that we rarely see the true free
edge but rather observe the eroded or manicured outline.
However, there are two instances when we see the
genuine free edge: at birth and with regrowth following
avulsion (Fig. 1.36). These appear to follow the margin of
the lunula. Finally, the nail bed may have some role in
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Figure 1.34 Why do nails grow out instead of up? (a) (i) Guiding

restraint of proximal nail fold; (i) inductive influence of underlying phalanx;
(iii) containment by lateral nail folds; (iv) adherence to nail bed. (b) Generation
of nail plate marked at monthly intervals. The horizontal axis of the
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generates dorsal nail A'. Distal intermediate matrix, B, generates ventral nail B'.
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Figure 1.35 Relationship of lunula to nail tip shape.

determining the shape of the free edge. Trauma to the nail
bed can result in nail plate dystrophies, giving the free
edge a scalloped contour. This can be corrected with nail
bed grafts [55].

Nail growth

Measurement

The literature on nail growth has relied on quantification.
Arange of methods has been employed, mostly requiring
the imprint of a fixed reference mark on the nail and
measuring its change in location relative to a fixed struc-
ture separate from the nail after a study period. Gilchrist
and Dudley Buxton [231] made a transverse scratch about
2 mm from the most distal margin of the lunula. This dis-
tance was then measured using a rule and magnifier.
Changes in the distance with time provided a record of
growth rate. There have been variants of this, with the
scratch being made at the convex apogee of the lunula
and subsequent measurements made with reference to
the lunula [232] or alternatively, making a scratch a fixed
3 mm from the cuticle and noting the change with time
[233] (Fig. 1.37). The precision of these methods was
increased by the introduction of magnified photographs
before and after, and comparison of the photographs [234].
This was modified further by Sibinga [235] who increased
the photographic magnification from a factor of 6 to 35.
This made it possible to conduct studies of nail growth
over a period as short as 1 month.

Babcock [234] understood the problems in the methods
involving the lunula and cuticle as reference points, as
they both might conceivably change during the study.
The method suggested for overcoming this was inven-
tive, but unacceptable these days for ethical reasons. The
nail was marked with a deep scratch which was then
filled with bismuth amalgam. This made it radiopaque
and allowed comparison with the underlying bony refer-
ence points on x-ray. A follow-up x-ray, after refilling the
scratch with amalgam, allowed growth estimation. The
concern over variation in the non-nail plate reference
point can be partly surmounted by using two reference
points and possibly halving the error. This can be done by
making a scratch or laser incision [236] at the tip of the
lunula and measuring the distance to the distal limit of
the nail plate attachment, visible through the nail plate.
Subsequent measurements are made from both the lunula
and the edge of nail plate attachment. Their sum should
always be equal as a way of verifying the method
(Fig. 1.38).

Surface imaging of the nail, exploiting natural irregu-
larities, can be used in lieu of marks placed by the observer.
This has been reported by de Doncker and Piérard [237] in
a study of nail growth during itraconazole therapy. The
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Figure 1.36 (a—d) Regrowth of the fingernail following traumatic avulsion. The free edge is parallel to the lunula.

Figure 1.37 T-shaped mark etched on nail for nail growth measurement
Arrow points to posterior nail fold reference point. Note the absence

of a cuticle. Reproduced from Dawber [233] with permission from
Wiley-Blackwell.

technique was not pushed to its full potential, as only
clippings and not the entire in vivo nail plate were
assessed. It was thought that longitudinal nail growth
increased during therapy because surface beading became
more spaced apart.

All these methods involve estimation of linear growth.
As a measure of total matrix activity, this could be mis-
leading. Hamilton sought to measure volume by the fol-
lowing equation [238]:

Volume = thickness (mm) x breadth (mm)
x length grown per day

Johnson also tried to measure volumetric growth with
respect to linear growth, ignoring time [12]. This entailed
the measurement of thickness and mass at different points
in the avulsed nail plate. The method presumed that lin-
ear measurements in the longitudinal axis of the nail plate
were proportional to time and that no element of compac-
tion complicated the issue.

Attempts to measure volume take on particular signifi-
cance in disease states provoking Beau’s lines. In a condi-
tion where the bulk of the nail is manifestly affected,
measurement of linear growth alone may give misleading
results (Fig. 1.39).

Measurement of longitudinal rate of growth may have
some bearing on interpretation of studies where the
concentration of incorporated elements of compounds is
being evaluated. The relevance of the nail growth rate
depends on the relative influence of solubility of the
compound in the nail and the rate of transfer to the nail. If
the rate of nail growth is high and the solubility is low,
then it may be a determinant. However, in most instances,
it is likely that solubility will be sufficient to allow equili-
bration between the nail and nail bed before the nail
grows out. This may not fully apply to a thick nail, where
there may be a limit to the diffusion of the compound
upwards through a thick nail. These considerations are
covered in the topic of measurement of fluoride in nail as
part of studies to look at public health policies of fluorida-
tion for dental care [239, 240].

Physiological factors and nail growth

Most studies concern fingernails, whose rate of growth
can vary between 1.9 and 4.4 mm/month [235]. A rea-
sonable guide is 3 mm/month or 0.1 mm/day. Toenails
are estimated to grow around 1 mm/month. A recent
study of healthy students on a US campus reported val-
ues of 3.5 mm/month for fingernails and 1.6 mm for
toenails [241]. The authors concluded that this repre-
sented a genuine increase over historical controls and
may correspond to other biometric increases over the
last 30 years. Population studies on nail growth have
given the general findings that there is little marked
seasonal change and nails are unaffected by mild
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Figure 1.38 Methods of nail growth measurement. (a) Reference point, cuticle. Growth = B — A. Reproduced from Dawber [233] with permission
from Wiley-Blackwell. (b) Reference point, lunula. Growth = B — A. Reproduced from Hillman [232] with permission from Wayne State University Press.
(c) Reference point, lunula. Growth = B — A. Reproduced from Gilchrist [231] with permission from Wiley-Blackwell. (d) Reference point, cuticle and
nail attachment margin distally. Growth = (B'=A")+(A” —B"). (e) Reference point, bone. Seen on x-ray with bismuth amlagam in transverse scratch in
nail. Growth measured as movement of scratch from A to B and change in relation to radiological reference points on underlying bone.

Figure 1.39 Side view of a nail with Beau’s line, indicating the change in
nail bulk.

intercurrent illnesses [232, 235]. The height or weight
of the individual made no significant difference [232,
242]. Gender has been thought to make a small differ-
ence in early adulthood, with men having significantly
(P<0.001) faster linear nail growth up to the age of 19
[238]. They continue to do so with gradually diminish-
ing significance levels, up to the age of 69, when there
is a cross-over and women’s nails grow faster than
males. However, this pattern may have changed, with
apparent equivalance between men and women with
more recent analysis [241]. There is rough agreement
from Hillman in an earlier study, although he found
that the cross-over age was around 40 [232]. However,
males continued to have a greater rate of nail growth
throughout life if volume was measured and not
length [238]. Children under 14 have faster growth
than adults.

Pregnancy may increase the rate of nail growth [242]
and poor nutrition may retard it [231].

Temperature is an influence with unclear effects.
Bean [243] kept a slightly idiosyncratic record of his
own fingernail growth by making a scratch at the free

edge of his cuticle on the first day of each month for 35
years. His record showed a gradual slowing with age.
It initially showed a seasonal variation, with height-
ened growth in the warm months. This variation
became less marked with age, combining with a move
from Iowa to Texas where seasonal contrasts are
reduced. Other studies to determine the influence of
temperature have compared nail growth rates for
people in temperate and polar conditions. An original
study in 1958 [244] found that nail growth was signifi-
cantly retarded by living in the Arctic. Subsequent
studies from the Antarctic found that there was no
change in nail growth [245, 246]. These studies are not
scientific and it is unclear whether they are comment-
ing on the improvement in thermal insulation since
1958 or nail physiology.

Nail growth in disease [247]

Systemic disease

Insufficient numbers of seriously ill people have been fol-
lowed as part of a larger study to give good statistical
evidence concerning the influence of disease on nail
growth. There is plenty of evidence from small numbers
that some severe systemic upsets disturb nail formation.
The observations of Justin Honoré Simon Beau in 1836
[248] detailed the development of transverse depressions
upon the nails of people surviving typhoid. The form of
nail growth interference represented by Beau’s lines is
seen in many conditions (see “Beau’s lines” in Chapter 2).
Yellow nail syndrome can be manifested as a systemic ill-
ness of the respiratory system and nails or be seen mainly
limited to the nails. In the latter, the clinical features of
thickening with yellow discoloration correspond to a
reduction in rate of longitudinal growth. But this can be



compensated for in some instances by an increase in nail
thickness, with the consequent observation that “the nail
that grows half as fast grows twice as thick” [249]. This
may not be applicable to all situations, as it has been
noted that biotin may reduce nail fragility and at the
same time increase both the thickness and rate of longitu-
dinal growth [250]. Severe illness in the form of mumps
has been noted to bring linear growth to a standstill [235].
Other acute infections are quite variable, with 10 cases of
acute febrile tuberculosis failing to have significant effect
[235]. In the same study, chronic nephrosis produced
exceptionally slow nail growth. Paradoxically, these
authors also found that cadavers appeared to continue
the growth of their nails in the 10 days postmortem dur-
ing which they were assessed. The effect of death was less
marked than that of mumps, something adults with
mumps might agree with.

Local disease

Local diseases can influence nail growth. Dawber et al.
[251] noted that onycholysis was associated with increased
nail growth. This was true whether it was related to pso-
riasis or idiopathic. It is interesting that psoriasis may also
produce Beau’s lines and so reduce the bulk of the nail. It
is not even clear whether Beau’s lines represent a reduc-
tion in linear growth. They have been noted after retinoid
therapy and yet this group of drugs has been noted to
increase nail growth in psoriasis [252]. The surface mor-
phology of the nail in a Beau’s line reflects a change in
rate of nail plate production in different zones in the
matrix and a loss of coordination with longitudinal
growth; it is a product of pathology in space and time.
Perhaps a nail that is growing faster is unable to accumu-
late bulk. Other systemic psoriasis treatments may reduce
the rate of nail growth [253] (Fig. 1.40).

Trauma may increase nail growth, onychophagia [241]
and wrist fractures being the most common examples.
Details of nail and local hair growth have been recorded
in instances of reflex sympathetic dystrophy where Beau’s
lines and hypertrichosis on the dorsum of wrist, arm and
hand may coincide. It is not clear whether the nail changes
represent increased or decreased growth in these circum-
stances. Hypertrichosis indicates an extension of anagen,
such that hairs that might normally fall out at 5 mm or
less become longer and may gain a greater diameter. It
does not necessarily mean that the hairs are growing
faster and so, in common with Beau'’s lines, it represents a
change in the pattern of appendage growth rather than a
simple alteration of rate.

Immobility alone may result in a reduction in the rate
of nail growth and while this factor prevails after wrist
fracture, reflex sympathetic dystrophy entails signifi-
cant changes in blood supply that may have their own
effects. Studies of right/left comparison with onycho-
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Figure 1.40 Effect of therapy on nail growth in psoriasis. Reproduced
from Dawber [253] with permission from Wiley-Blackwell.

myecosis of the toenail indicate that there is a reduction
in the longitudinal rate of growth of the toenail while
it is infected with fungus, which normalizes on cure
[236]. In some instances this has been attributed to the
effects of the drug itself, terbinafine [254] and itracona-
zole [237].

Table 1.8 includes influences upon nail growth that are
reported, but not always of statistical significance.

Nail plate biochemical analysis

Methods of analysis

A great range of methods has been used to analyze the
organic and inorganic content of nails. Table 1.9 gives a
guide, indicating how particular methods are appropriate
for different constituents. Nail proteins are structural, but
the other components are usually deposited within the nail
as part of a normal or pathological process reflecting the bio-
logical environment of the nail, which in turn will reflect the




Table 1.8 Factors determining rate of nail growth.

Faster Slower Reference

Environment

Daytime Night

Summer Winter/cold [243, 400]

Physiological

Pregnancy 1st day of life [242, 401]

Right hand/dominant Left hand/non-dominant

Youth Old age [238]

Middle finger Thumb and little finger [168, 402]

Men Women [238, 402]

Disease

Psoriasis Finger immobilization [403, 404]

Pitting Fever [233, 235]

Normal nails Beau’s lines [233, 248]

Onycholysis [251]

Pityriasis rubra pilaris Onychomycosis [155, 236, 253]

Hyperthyroidism [168]

AV shunts Yellow nail syndrome [168, 249]
Relapsing polychondritis [405]

Medication

Etretinate Etretinate [406]

Levodopa [407]

Calcium/vitamin D, biotin [250]

Benoxaprofen, terbinafine, itraconazole Methotrexate, azathioprine [155, 237, 253, 254, 408]

AV, arteriovenous.

external environment of the individual. Interpretation of the
concentration of biomarkers in nail may require knowledge
of the rate of growth of the nail, although the contribution of
this variable is not always easy to calculate [255].

The virtue of nail as a medium for analysis is the manner
in which it evens out short-term variations. Consequently,
urine may be a good measure for a short-term exposure in
the previous 24 h, hair over previous months depending
on length, but nail may be useful for periods of over a year
where toenails are used. For longer periods still, dental
material can be used [256]. These figures are likely to be
subject to the length of the hair, the site of nail sampling
(toe versus finger) and the age of the subject.

Nail proteins
From Table 1.9 on analytical methods, it is clear that a con-
siderable number of endogenous and exogenous materi-

als can be sought in the nail plate. The protein mesh into
which the elements fit is made primarily of the intracel-
lular protein keratin. The highly ordered structure of the
proteins in the nail plate helps explain the degree of
chemical and physical resistance in contrast to the charac-
teristics of skin. The proteins of hair and nail alike have
extensive folding maintained by extremely stable
disulfide bonds. Although these bonds can also be found
to a lesser extent in the stratum corneum of normal skin,
they have a different geometry in the two sites as demon-
strated by Raman spectroscopy. This is expressed as
gauche-gauche-gauche for hair and nail and gauche-
gauche-trans for stratum corneum [257]. The latter is less
stable. The altered geometry of disulfide bonds and the
extreme folding of protein molecules in hair and nail
result in a different degree of hydration. The looser struc-
ture of skin allows more free water, whereas the structure
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Table 1.9 Nail constituents and means of nail analysis.

Method Constituent Reference
Structural and mineral constituents or exogenous materials

Raman spectroscopy Water, proteins and lipid, gender [409, 410]
Immunohistochemistry Keratin, human papilloma virus [411, 412]
Polymerase chain reaction Forensic, paternity, fungal [413-415]
Electron microscopy Cystine [137]

X-ray diffraction Changes indicative of malignancy, histology [141, 416]
Flow injection hydride generation Arsenic [284]

Gas chromatography Amphetamine, cocaine [290, 292, 293]
Mass fragmentography Metamphetamine [201]

Atomic absorption spectometry Arsenic, Cd, Cu, Mn, Ni, Pb [417, 418]
Colorimetry Surface nail proteins [151]
Biological markers

High performance liquid chromatography Furosine (glycosylated keratin), terbinafine, amino acids [269, 419, 420]
Microscopy Melanocyte populations and pathology, lipid: triglyceride [421, 272]
Adsorption differential pulse voltametry Nickel and occupational exposure with allergy [289]

Enzymic assay Steroid sulfatase and X-linked ichthyosis [270]

Neutron activation analysis Heavy metals and heart disease, selenium and [422-424]

inflammatory processes, copper and melanoma

of hair and nail allows very little. This contrasting degree
of hydration means that skin is capable of sustaining met-
abolic processes not seen in nail [257]. Keratins and the
associated proteins fall into the following categories:

e low sulfur proteins (40-60 kDa)

e high sulfur proteins (10-25 kDa)

* high glycine/tyrosine proteins (6-9 kDa).

It is believed that the low sulfur keratins form 10 nm fila-
ments and the latter two groups of proteins form an inter-
filamentous matrix. The diversity of keratins within
humans and between different species lies in the permu-
tations of these three proteins [258] and the diversity of
the keratins themselves. Over 30 high sulfur proteins
have been identified in human nail by polyacrylamide gel
electrophoresis [259].

Nail plate keratin fibrils appear orientated in a plane
parallel to the surface and in the transverse axis [260].
They fall roughly into an 80:20 split between “hard” hair
type (trichocyte) keratin and “soft” epithelial keratin
[105]. These two variants are similar in many respects and
share an x-ray diffraction pattern of o-helices in a coiled
conformation, also confirmed using Raman spectroscopy
[257]. Hard keratins split into the classic association of
acidic and basic pairs, with extensive amino acid homolo-

gies with the epithelial forms [261]. In spite of regions of
homology, the “hard” and “soft” keratins are distinguish-
able by immunohistochemistry [14, 16, 105]. The relative
resilience of the two groups of keratins is also reflected by
their solubility in 2-mercaptoethanol. At 50 mmol/L con-
centrations, only epithelial “soft” keratins are extracted
from nail clippings. The concentration needs to be raised
to 200 mmol/L before significant quantities of “hard”
keratin dissolve [262].

The main lipid of nail is cholesterol. The total fat con-
tent is 0.1-1%, contrasting with the 10% found in the stra-
tum corneum. The water content is less than that of skin,
being 7-12% compared with 15-25%.

Biomarkers in nail
X-ray diffraction is one of the best tried methods of ele-
mental nail analysis. Much of the initial work was done
by Forslind [260] who observed that the hardness of the
nail plate is unlikely to be due to calcium, which the anal-
ogy with bone has suggested. Detailed resumés of normal
nail mineral content have been made [263].

Much interest has been demonstrated in the analysis
of nails as a source of information concerning health.
A significant increase in the nail content of Na, Mg and P
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was noted in a survey of 50 patients with cirrhosis [264].
In a comparison of term and preterm infants, a decrease
in aluminum and sulfur was found in term deliveries.
The high aluminum content in preterm infants was con-
sidered of possible relevance to the osteopenia observed
in this group [19]. Copper and iron have been observed
at higher levels in the nails of male 6-11 year olds in com-
parison with females [265]. This in turn has been
reviewed in connection with autism and seen alongside
increases of lead and other metals [266]. Iron levels in the
general population were found to be equal in men
and women, but higher in children and highest in the
neonate [267].

In some respects, nail analysis can be compared with a
blood test, but involving the examination of a less labile
source of information. Analysis of chloride in nail clip-
pings of a juvenile control population and those suffering
cystic fibrosis revealed a significant increase of chloride,
by a factor of 5, in the latter. This has led to the suggestion
of “screening nail by mail” for inaccessible regions, where
sending nails would be relatively easy.

The glycosylated globin molecule, used for estimation
of long-term diabetic control, has been used as a model in
studies measuring nail furosine in diabetes mellitus. The
nail fructose-lysine content is raised in this disease and
has shown a correlation with the severity of diabetic retin-
opathy and neuropathy [268]. Nail furosine levels have
also shown a good correlation with fasting glucose and
may even compete with glycosylated hemoglobin as an
indicator of long-term diabetic control [269].

Steroid sulfatase and its substrate, cholesterol sulfate,
have been assayed in the nails of children being screened
for X-linked ichthyosis and found to have adequate sensi-
tivity and accuracy to be useful [264, 270, 271]. Sudan
IV-positive material in nails has been measured as a guide
to serum triglycerides [272].

Selenium is a trace element critical for the activity of
glutathione peroxidase, which may protect DNA and
other cellular molecules against oxidative damage. High
concentrations are seen to protect against the action of
certain carcinogens in some animal models and conse-
quently its role in human cancers has been explored.
Analysis of the selenium levels of different rat tissues sug-
gests that blood selenium may be the best indirect meas-
ure of liver selenium while nail selenium may best reflect
whole-body levels and the level in skeletal and heart
muscle [273]. Nail selenium levels in those being screened
for oral cancer [274] and carcinoma of the breast [264, 275]
showed no significant differences between affected and
control patients. However, in a prospective study, toenail
selenium levels had a weak predictive value for the
development of advanced prostate cancer, where low
levels of selenium predisposed to this malignancy [276].
Examination of a wide range of trace elements in the nails

of women with breast cancer failed to show any differ-
ence from normal controls [277] and analysis of nail for
zinc showed no significant difference between pellagra
patients with low serum zinc and normal controls [278].

Nail clippings can be used as a source of DNA which,
after amplification by the polymerase chain reaction, is
of forensic use. Early work required 20-30 mg of nail
[279] but this figure has decreased to 5 mg, where good-
quality nail can be obtained from cadavers of more than
6 months death yielding DNA adequate for forensic
idenitification [280].

Exogenous materials in nail analysis

Exogenous materials can be considered in two groups:
environmental and ingested substances. In the first cate-
gory, cadmium, copper, lead and zinc were examined in
the hair and nails of young children [281]. This was done
to gauge the exposure to these substances sustained in
rural and industrialized areas of Germany. Both hair and
nail reflected the different environments, although the
multiple correlation coefficient was higher for hair than
nails. Similar work with lead and cadmium in 200
Kenyan children demonstrated that the level of heavy
metals in their fingernails correlated more to the location
of their school than to their home [282]. Where compara-
ble studies are done with adult disease and control
groups, it has been shown that those with coronary heart
disease and hypertension have significantly higher lev-
els of chromium and zinc and lower iron than healthy
matched controls [283]. It remains difficult to lend a clear
interpretation to these results in terms of their biological
significance and whether they are observations of cause
or effect.

Water taken from wells in arsenic-rich rock has resulted
in arsenic poisoning on a major scale in West Bengal,
India, over the last 10 years. About 50% of ingested arsenic
is excreted in the urine, smaller amounts in the feces, hair
and nails. Nail analysis has been used in the Bengal popu-
lation as well as in other populations suffering arsenic
poisoning. Levels were estimated using flow injection
hydride generation atomic absorption spectroscopy
which allows analysis using very small samples and ena-
bles comparisons between different tissues. The Bengal
experience suggests that there are similar concentrations
in hair and nail, with a trend towards higher concentra-
tions in the latter [284]. During an episode of arsenic
posioning in Alaska, the level of arsenic in nail was four
times that found in hair [285]. A study in New Hampshire,
USA, found that in subjects drinking from arsenic-rich
wells, there was a doubling of toenail arsenic for a 10-fold
rise in water arsenic content [286].

The features of arsenic poisoning were different in
Alaska and Bengal, with far more cutaneous and sys-
temic signs of toxicity in the Bengal population in spite



of similar levels in body tissues. This was attributed
to coexistent dietary deficiencies and ill health in the
Bengalis. In affluent North American communities,
higher toenail arsenic has been associated with prolonga-
tion of the QT interval on electrocardiograph [287]. This
could be due to an effect on the flux of calcium currents
in cardiac cell membranes and clinically could contribute
to disease. Risk of coronary heart disease is found to be
correlated with nicotine concentration in toenail samples
as revealed in a substantial cohort followed between 1984
and 1998 [288].

In many countries fluoride is added to drinking water
as a public health measure. In forensic terms, it can be a
means of identifying whether the person originated from
a fluorinated district or not, where hair, nail and teeth can
all be measured for fluoride content to reveal exposures
of different temporal profile [239].

Nickel analysis has been performed to establish occu-
pational exposure [289].

The use of forensic nail drug analysis has been reported
by the Japanese where over 20,000 people were arrested
for the abuse of methamphetamine in 1987 [290, 291]. It
was found that the drug entered the nail via both the
matrix and nail bed. Chronic drug abusers could be dis-
tinguished from those with a single recent ingestion by
scraping the undersurface of the nail before analysis. This
would remove the nail bed contribution and the drug it
contained in the “one-off” abuser.

Simultaneous hair and nail analysis has been per-
formed to compare the capacity of the tissues to reflect
chronic drug abuse in those taking cocaine [292] and
amphetamines [293]. Miller et al. [292] found that concen-
trations of cocaine and its derivatives were higher in hair
than in nail, whereas Cirimele et al. [293] found that the
concentrations of amphetamines and its metabolites
were similar in both tissues. Analysis of nail clippings
from the newborn by gas chromatography-mass spec-
troscopy can provide evidence of exposure to cocaine
during embryogenesis. Given the point of nail formation,
it is likely that the levels will reflect exposure after the
14th week [294]. Inclusion of the antifungal terbinafine
via the nail bed has also been observed [295]. Access of
the drug to the nail plate via the nail bed may be one of
the important factors allowing effective therapy to be
delivered in less time than it takes to grow a nail [296,
297]. In vitro models for the uptake and delivery of terbi-
nafine by nail plate have been employed to examine
aspects of this process [298].

Following single large doses of methamphetamine, it
can be detected by mass fragmentography in saliva up to
2 days later, hair up to 18 days and in nail for the next 45
days [291]. Chloroquine [299] has also been measured in
nail clippings for research purposes up to a year after
ingestion.
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Physical properties of nails

Strength

The strength and physical character of the nail plate are
attributable to both its constituents and design. The fea-
tures of design worthy of note are the double curvature,
in transverse and longitudinal axes, and the flexibility of
the ventral plate compared with the dorsal aspect. The
first provides rigidity, whereas the latter allows moderate
flexion deformity and slightly less extension. The most
proximal component of the matrix provides the corneo-
cytes of the dorsal nail surface. These usually provide a
shiny surface. When the matrix is altered by disease or the
nail surface subject to trauma, this shine is lost.

Measuring nail strength
Several techniques have been developed to study the
physical properties of nails [300-302]. Maloney’s studies
showed changes of tensile, flexural and tearing strength
with age, sex and the digit from which the nail derived.
Finlay devised a “nail flexometer” able to repeatedly flex
longitudinal nail sections through 90°, recording the num-
ber it took to fracture the nail. In this way, the strength
could be quantified. He noted that the immersion of nails
in water for an hour increased their weight by 21%. It also
made them significantly more flexible. After 2 h, the flexi-
bility was still increasing, whilst the water content reached
a plateau. Analysis of in vivo nail by Raman spectroscopy
suggests that after soaking in water for 10 min, the o-helical
protein conformation is made more loose, with greater
spacing between proteins as water occupies the interstices.
However, this change is seen only in distal nail, with prox-
imal nail already manifesting a high degree of hydration
before immersion [303]. Farren [137] has used simple cut-
ting tests, measuring the force needed to cut nail plate
with scissors. He noted that it takes 50% more force to cut
a nail longitudinally than transversely and attributes this
to the trilaminar structure of nail with orientation of kera-
tin fibrils that favors longitudinal over transverse strength.
Mineral oil has no effect on flexibility, although it can
act to maintain some of the flexibility imbued by water.
This principle is applied in the treatment of onychoschi-
zia, where repeated hydration and drying of the nail plate
results in splitting at the free edge [153]. Zaun [304] has
used a method of assessment of brittleness that relies on
the swelling properties of nail, employing the technique
before and after therapy for brittle nails. Splitting can be
partially overcome by applications of emollient after
soaking the nails in water. The use of nail varnish can also
decrease water loss [305].

Permeability
Nail permeability is relevant to topical drugs on the dor-
sal surface and systemic drugs from the ventral surface.
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The principal characteristic of nail with respect to drug
penetration is that it behaves more like a hydrophilic gel
membrane than a lipophilic membrane such as the stra-
tum corneum. Transonychial water loss can be measured
in vivo [306] but drug penetration assay is more
complicated. The simplest method is to use cadaver nails.
Doing this, the permeability coefficient for water has
been estimated at 16.5x10°cm/h and that for ethanol at
5.8x10°cm/h [307]. This demonstrates that the hydrated
nail is more permeable to water than to alcohol and
behaves like a hydrogel of high ionic strength to polar
and semipolar alcohols. Looking at nail permeability in
states of different relative humidity demonstrates that
diffusivity of nail increases logarithmically, with an over-
all increase of 400 times from dryness to complete hydra-
tion [308]. Combining alcohols with water may increase
the permeation by the alcohol. The addition of N-acetyl-
L-cysteine or mercaptoethanol to an aqueous solvent has
been found to enhance the penetration of nail samples by
the antifungal tolnaftate [309]. Human nail can be substi-
tuted in such studies using an in vitro model for the
assessment of drug penetration employing a keratin
membrane prepared from bovine [310], sheep [311] and
porcine hooves [312, 313].

The nail is 1000 times more permeable to water than is
skin [314, 315] and consequently drugs required to diffuse
through the nail should normally have a high degree of
water solubility [316]. In spite of this, there is possibly a
parallel lipid pathway that allows permeation of hydro-
phobic molecules [317] and lipid vehicles are of value
because they stick better to the nail surface [310, 316].

Molecular size, expressed as weight, is a further factor
determining the penetration of nail by a drug. Larger mol-
ecules penetrate less well. In the field of topical antimy-
cotics, this allows prediction of efficacy when the combined
characteristics of water solubility, molecular size and min-
imum inhibitory concentration for antifungal activity are
allowed for in a complex calculation [318]. In this manner,
drugs such as ciclopirox and amorolfine can be predicted
to be of some value. However, more hydrophobic mole-
cules, such as the imidazoles, itraconazole and ketocona-
zole, are barely able to diffuse into nail, even when it is
pretreated with topical keratolytics such as papain, urea
and salicylic acid [319]. The main pharmacological sphere
of attempting nail penetration by drug is for the treatment
of fungal nail disease. It is of note that in vitro work with
normal and onychomycotic nails showed little difference
in nail drug penetration between the two [320].

The dense matrix of keratin and associated proteins is
considered an obstacle to dimethyl sulfoxide (DMSO)
penetration in the nail plate, contrasting with its easier
access through skin [317]. However, it appears to facilitate
the penetration of some topical antimycotics [321]. When
amorolfine is applied to nail, its penetration is enhanced

by pretreatment with DMSO and the penetration is fur-
ther enhanced if methylene chloride is used as a vehicle
for the antifungal in preference to ethanol [322]. Some
medicated lacquers are also able to penetrate sufficiently
to be of clinical use, particularly if their access is increased
by abrading the dorsal surface of the nail plate [323, 324].
The concentration gradient, and hence diffusion, can be
increased further by facilitating solution of the reagents,
such as miconazole, by lowering the pH [325]. Using a
solvent that evaporates will have the same effect [326].

Iontophoresis of chemical across a concentration gradi-
ent of drug of 50-100 mM has also been attempted with
some success [327]. The problem mainly related to the
practicality of the process and flux of sodium, potassium,
chloride and water (transonychial water loss [TOWL])
through the nail under iontophoretic influence in com-
parison with normal passive flow [328].

Recent studies with common antifungal agents have
been encouraging [329, 330], where variables of pH [331,
332] and penetration enhancers such as DMSO [333],
mannitol [334] and low molecular weight polyethylene
glycols [335] have been assessed. The clinical relevance of
the technique relies on movement of drug, usually terbin-
afine, across two boundaries. First, drug entry into the
nail needs to be enhanced in order to be effective within
the nail. However, possibly even more important is the
further stage of the drug leaving the nail and entering the
subungual tissues to kill fungus at this sequestered site.
The subungual tissues are very variable in their apposi-
tion to the nail and in their character. There may be onych-
olysis, with no contact between nail and nail bed, thick
keratin between the two or a layer of loosely compacted
material and squames with secondary bacterial or yeast
infection. Although rate of drug flow from nail into an
in vitro chamber can be measured [336], it is not the same
as demonstrating a clinical effect in the heterogeneous
settings that prevail with onychomycosis.

There is also exchange of chemicals between nail and
the internal environment and it is likely that the nail has
different characteristics of drug penetration on the dorsal
and ventral surfaces [337]. The significance of this is
mainly with respect to inclusion of circulating materials
into the nail rather than the other way around, although
in a study of topical application of sodium pyrithone,
Mayer et al. [338] found microscopic amounts in the sys-
temic circulation. Munro and Shuster [297] and Matthieu
et al. [296] have shown that drugs can penetrate rapidly
into the distal nail via the nail bed. Other drugs may be
found in the nail, which makes the nail a useful source of
information concerning the ingestion of some illicit drugs
or environmental pollutants (see Table 1.9).

Nail has been compared with other keratinous tissues,
such as hair, hoof and skin, to determine how well it pro-
vides a model of in vitro infection by fungi [339]. This



reveals that nail is relatively resistant to such infection
and hair, feathers and horn were more easily penetrated.

Radiation penetration

The permeability of the nail plate to radiation has both
advantages and drawbacks. It is the basis for treating
20-nail dystrophy with topical PUVA [340] and also the
cause of photoonycholysis. This may be in association with
photosensitizing drugs [341]. Benign longitudinal mel-
anonychia can complicate phototherapy for psoriasis [342].

Chronic x-irradiation is associated with carcinoma
in situ and invasive squamous cell carcinoma [343]. The
polydactylous form of Bowen disease is commonly related
to some source of radiation [344]. Parker and Diffey [345]
have investigated the transmission of light through the
toenails of cadavers. Examining wavelengths between 300
and 600 nm, it appears that transmission at the shorter
wavelength is minimal. This corresponds to UVB. If the
nail plate is acting as a sunscreen it is fortuitous, but the
character of the toenails studied may not be the same as
fingernails, which are more commonly exposed.

A double-blind study of superficial radiotherapy in
psoriatic nail dystrophy has demonstrated a definite,
albeit temporary benefit [346]. A similar temporary bene-
fit has been demonstrated with electron beam therapy
[347]. Both of these studies might suggest that the differ-
ent forms of radiation are penetrating nail, although treat-
ment of periungual psoriasis can have a secondary bene-
ficial effect on subungual tissues.

The nail is also permeable to electric direct current which
has been examined in dry and hydrated settings in vitro
and in vivo. The passage of current with a voltage of 0.5-9 V
does not cause any physical alteration to the nail and pro-
vides a baseline for the delivery of medication using ionto-
phoresis. At higher voltages there is a perception by the
patient when in vivo [348] and in the setting of phosphate
buffer hydration, the nail resistance can drop after 2 h.

Imaging of the nail apparatus

Radiology

X-ray reveals little of the soft structures of the nail unit
under normal circumstances. It has been used to measure
nail bed thickness in a study of clubbing, revealing a sta-
tistical increase in the thickness of the clubbed fingernail
bed over normal controls [349]. Benign space-occupying
lesions may compress the underlying bone with corre-
sponding upward convexity in the nail. Osteoid osteoma
may be manifest through a characteristic nidus, although
x-ray is not sufficient to rule out this pathology and may
be supplemented with bone scan [350]. Chondroid tumors
may act as a soft tissue tumor external to the bone or be
detected as a lucency within the bone. Pincer nail deform-
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ity [351] or trauma, including nail biting [352], can be
associated with radiologically detectable osteomyelitis.
Most isolated nail dystrophies should be x-rayed prior to
surgical exploration. Clues to an exostosis, bone cyst,
acroosteolysis or psoriatic arthropathy might be found.
Locally invasive [353] or metastatic [354] malignancy can
be revealed localized to the distal phalanx. In invasive
subungual squamous cell carcinoma, up to 55% of patients
will have radiological evidence of involvement of the
underlying phalanx [355].

Glomus tumors may demonstrate particular radiologi-
cal features. Mathis and Schulz [356] reviewed 15 such
tumors on the digit and found that nine had characteristic
changes of bony erosion. This was smooth and concave in
most cases, but occasionally had a punched-out appear-
ance on the phalangeal tuft. Van Geertruyden [357] noted
bone erosion or alteration in 36% of 51 cases of subungual
glomus. Supplementation of routine x-rays with arteriog-
raphy may reveal a star-shaped telangiectatic zone [358]
but generally, ultrasound or magnetic resonance imaging
is thought to be more useful in delineating and character-
izing the tumor [359].

Magnetic resonance imaging (MRI) (see Chapters 3
and 13) is an effective method of locating tumors, par-
ticularly where there is diagnostic difficulty [360-362]. It
can be used in a range of periungual neoplasms [363]
although it is most useful when the tumor contrasts with
surrounding tissues with respect to density, fluid or fat
content. The most marked example of this is with mucoid
cysts [364] but even normal soft tissues can be differenti-
ated and an in vivo anatomical assessment made using
MRI [365]. This can be a useful means of identifying the
inflammatory changes of psoriatic arthritis where it has
consequences for the soft tissue element of the nail unit
and consequently affects nail growth and appearance
[366] and remains the gold standard for glomus tumors
of the nail unit [367].

Ultrasound
Ultrasound has been used in the nail unit both as a research
tool and to aid clinical diagnosis [368]. Finlay et al. [146]
used 20 MHz pulse echo ultrasound to measure nail
thickness in vivo, proximally and distally. The latter meas-
urement correlated well with a micrometer gauge meas-
urement of the free edge. Pulse transmission time was
reduced by 8.8% distally, in comparison to the proximal
measurement. This implies that the nail becomes thinner
as it emerges, which is contrary to findings on avulsed
nails (see “Nail growth” above). They also found that the
nails ranked in thickness sequentially around the hand,
with the thumb being top and the little finger bottom.
Jemec’s study of cadaver nails, in situ and avulsed,
showed that nail dessication destroyed the correlation
between ultrasound thickness measurements and screw
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gauge [140]. This could have significance in quantifica-
tion when the water content of nails can vary by 10%.

Clinically, high-frequency ultrasound has been used in
the diagnosis of glomus tumors [369]. Fornage examined
12 patients and could depict the tumor in nine. The
resolution of his transducer meant that lesions smaller
than 3 mm could not be seen [369]. Matsunaga used a
more sensitive modified probe with color Doppler to
enhance localization, which has also been corroborated
with histological findings [370].

Evolution of ultrasound with high variable frequency
transducers (>15 mHz) and very sensitive vascular tools
(>11 mHz) allows the combination of morphological
imaging with vascular flow afforded by color Doppler.
This enables mapping of structural changes alonside
inflammatory processes in diseases of the digit such as
psoriasis and systemic sclerosis, or in infarctive pro-
cesses [371].

Profilometry

Profilometry is the technique of measuring the profile of a
surface. It can be used on skin to measure wrinkling with
actinic damage [372, 373] and teeth to examine the integ-
rity of enamel and the characteristics of plaque [374]. It
has also been used on nail surfaces to assess dystrophies
where characteristic profiles are reported for the clinical
features of pitting, grooves and trachyonychia [375].
Having established the method, it is then possible to use
it as a measure of disease activity and nail growth, as
attempted with a study of psoriatic trachyonychia during
low-dose cyclosporine therapy [376] and the rate of nail
growth during itraconazole treatment [237].

Dermoscopy (epiluminescence)

Dermoscopy is a method of microscopic examination
using reflected light. In the clinical setting this is con-
veniently provided by a hand-held dermatoscope. A
dissection microscope is a laboratory alternative. The
dermatoscope affords only low magnification (x10)
although this can be increased with the use of com-
puter-linked mole mapping tools. Video dermoscopy
has been used in psoriasis to provide a more complete
record of the state of the pathology [377]. Illumination
is provided from a light source within the instrument
with an incident angle of 20°. Typically this is a light-
emitting diode (LED), creating no heat. The source may
be polarized. Mineral oil, ultrasound gel or alcohol
hand cleansing gel is used at the skin surface to reduce
the fraction of incident light reflected from the nail
or stratum corneum and to increase the component
that reveals intraepidermal or subungual detail in
addition to some features of the papillary dermis.
Gewirtzman demonstrated the value of gel on the
nail unit, as the thickness of film that can be created

accommodates the curvature and irregularities of the
appendage [378].

Dermoscopy is an established method for the exami-
nation of pigmented lesions of the skin [379] but its use
for nail pathology has not been widely considered [380].
For the nail, it has also been used to help differentiation
between benign and potentially malignant pigmented
pathology [381] where this process can extend into a
peroperative activity with direct dermoscopy of the nail
bed and matrix after removal of the nail plate [382]. The
main objective is to distinguish benign from malignant,
where the malignant diagnosis is usually melanoma
[383]. However, the technique is also very useful as a
means of differentiating subungual heme from melanin
[384, 385], where heme may be seen as a lake beneath
the nail from an episode of bleeding or be more in the
form of small hemorrhages or bruising from less overt
trauma or connective tissue pathology. Where a melano-
cytic lesion is found, it can also be possible to predict the
position of the pathology within the longitudinal axis of
the matrix through examination of the free edge. A layer
of pigment in the upper half of the nail plate is consist-
ent with pathology in the proximal half of the matrix;
lower edge pigmentation is consistent with a lesion in
the distal half of the matrix [386]. Dermoscopy is also
useful in evaluation of nail fold vessels and splinter
hemorrhages, inflammatory diseases such as psoriasis
and lupus [387] and infection and parasitic infestation
[388]. It may also help in the assessment of benign
tumors [389, 390].

Examples of dermoscopy findings in a range
of pigmented nail unit lesions

Ungual melanoma
See Figures 1.41-1.44.

Ungual nevus
See Figure 1.45.

Ungual lentigo
See Figures 1.46-1.48.

Drug-induced nail pigmentation
See Figure 1.49.

Photography

Many sophisticated systems are available for taking good
photographs of the nail unit. While their function might
be sophisticated, their operation should be simple. It is
not possible to deal with complicated equipment and
tend to patients at the same time. The essentials are a 1:1
macrolens, with a further magnifying filter if greater
detail within the nail unit is desired. This can be part of a
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@) (b)

Figure 1.41 Melanoma of the proximal nail fold: polymorphic pigment with asymmetric disposition of a dark ink spot, irregular network, blue-gray areas.
(a) Without gel. (b) With gel. Courtesy of L. Thomas.

Figure 1.42 (a) Uneven pigment in the nail plate forming heterochrome parallel lines. (b) Pseudo-Hutchinson’s sign through translucent cuticle. In the
lateral portion of the nail plate (c), heterochrome linear disposition of pigmentation is more visible. Courtesy of L. Thomas.

(@) (b)
(@ (b) Figure 1.44 A destructive neoplasm of the nail bed and matrix appears
Figure 1.43 Hutchinson’s sign (a) may be more clearly revealed when initially to be without pigment (a), but this is demonstrated (b) using

using dermoscopy (b). Courtesy of L. Thomas. epiluminescence. Courtesy of L. Thomas.



40 Chapter 1

Figure 1.45 Acquired longitudinal melanonychia in an 8-year-old male
child, which has relatively homogeneous pigment using dermoscopy,
with a clinical diagnosis of a benign nevus. Courtesy of L. Thomas.

(@) (b)

Figure 1.46 Recently discovered toenail longitudinal pigmentation in a
35-year-old male patient. Examination of other nails, mucous membranes
and skin was otherwise normal, dermoscopy demonstrates homogeneous
longitudinal grayish pigmentation of the nail plate. No clear parallel lines
are seen. Histology confirms lentigo. (a) Without gel. (b) With gel. Courtesy
of L. Thomas.

zoom or supplemented by a further 50 mm lens. If you
have a mobile system, a hand-held flash is necessary and
superior to a ring flash. It gives greater flexibility than the
ring flash and allows oblique lighting if needed. However,
in general, the light should be directed from the tip of the
finger up the limb to avoid shadows.

Most clinicians will have access to high-quality digital
photography. A digital single lens reflex (SLR) camera
enables considerably more flexibility than the smaller
automatic or semi-automatic cameras. Both types will
often allow video capture and some will allow use with a
dermoscope. This normally requires a dedicated adapter,
specific to the camera. Depth of field is sometimes diffi-
cult to capture in digital images and relies on setting the
camera in manual mode or aperture priority to have a
long lens focal distance, or “f-stop.” A long focal distance

Figure 1.47 Lentigo. Courtesy of L. Thomas.

is associated with a small aperture, which will result in a
reduction in light entering the camera. This can be offset
to some extent by raising the ISO (ASA), but it should be
appreciated that the higher the ISO, the more grainy an
image becomes even though it enables the camera to
shoot in low light. Consequently it is always best to use
the flash which will enable photographs with high resolu-
tion and consistent exposure to be taken at an ISO of
about 100, with a long f-stop (e.g. >22). With this configu-
ration on a digital SLR, it is possible to avoid the use of
backcloths for a homogeneous background, and instead
rely on infinity. For instance, in a consulting room with a
digit held for photography with the above settings, if
there is 3 m space between the digit and the far wall and
it is not of a bright or reflective nature, it will become
homogeneously black. This avoids the common problem
of colors or dust debris distracting from the content of the
photograph.

Video systems have been used as a research tool for
nail morphometry [391]. End-on and lateral views can be
transfered to a computer for calculation of dimensions
and to provide reference measurements.

Light

A good pocket torch is useful in the diagnostic transillumi-
nation of a myxoid cyst. The dermoscope may also be used.
Transillumination should also be used to distinguish
between intrinsic nail plate chromonychia and surface
changes. Wood’s light may enhance the color changes
induced by tetracycline and give a yellow fluorescence.
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(@)
Figure 1.48 (a—d) Subungual hemorrhage has some longitudinal orientation because of the pattern of nail bed vessels and the longitudinal ridging of the

underside of the nail plate. However, there are additional irregular elements that appear as “lakes” of heme, which is not seen with melanocytic pathology.
Courtesy of L. Thomas.

Thermography measures radiating warmth indicative
of superficial perfusion which in turn reflects neurovas-
" cular reactivity. Its main function has been as a possible
indicator of cardiac risk [395] but there is potential for
measurement of the vascular supply of the nail unit and
the nail fold or pulp in particular.

Older techniques for the assessment of shape, and
clubbing in particular, include brass templates [396],

(a)

Figure 1.49 (a) Acquired longitudinal melanonychia involving several
finger- and toenails in a 72-year-old male patient treated for 4 years
with hydroxyurea for chronic lymphocytic leukemia. (b) The band is
homogeneous and gray. Courtesy of L. Thomas.

Desmethylchlortetracycline appears reddish and Pseudo-
monas yellowish-green.

Polarized light can be helpful in the examination of the
underside of nails. This is done with the aid of a light
microscope to identify the longitudinal ridge pattern [144].

Other techniques

Laser Doppler can be used to assess the blood flow in
the nail unit and is typically combined with ultrasound
(see above). Optical coherence tomography produces
a series of cross-sectional images down to a depth of
1-2mm, separated by 15um. It has some potential for
examining periungual tissues, but has been little
explored as a technique [392]. Confocal microscopy is in
a similar category, where light penetrates the unsec-
tioned tissue to give three-dimensional information and
has been used to examine the normal nail plate [393]. It
has been used in the measurement of nail plate thick-
ness in vivo [136] and piloted as a means of establishing
the diagnosis of onychomycosis when undertaken
alongside nail plate mycology and histology [394].
Although this work demonstrated alteration of the nail
plate consistent with nail fungal infection, it was not
adequately controlled against pathology of similar
appearance.

shadowgraphs [397], plaster casts and planimetry [398]
and plethysmography [399].
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