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 This project has been undertaken to update the book on Methods and 
Instrumentation released in the series on “Bioengineering and the Skin” in 
1995. However, during the revision process we realized that so much time 
has passed and many new techniques were developed that it was almost 
impossible to update the old edition; therefore, on the basis of the previous 
experience, we devised a table of contents covering not only the “old” and 
“classic” noninvasive techniques, but focusing on also both new methods and 
techniques developed recently. The reader will fi nd a new broad section on 
skin imaging based mainly on techniques developed in recent years, a wide 
approach to methods for investigating the stratum corneum and the superfi -
cial layers of the skin, as well as sections dedicated to particular skin sites of 
specifi c interest such as hair and nails. Indeed, the fi eld in this decade has 
expanded not only from a technical viewpoint in new hardware but also in 
new applications of existing technology developed to investigate specifi c 
areas of “transferred” technology (i.e., from biochemistry or molecular biol-
ogy) to noninvasively detect and quantify molecules in superfi cial skin layers 
to monitor skin reactions. This book remains a small, intuitive, and easy-to- 
read tool for dermatologists, biologists, pharmacologists, and scientists in 
general who are willing to approach skin research and noninvasive skin 
investigation in particular. 

 Rome, Italy   E. Berardesca 
 Schenefeld/Hamburg, Germany   K.-P. Wilhelm 
 San Francisco, CA, USA   H. Maibach  
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1.1            Introduction 

 Videodermatoscopy (VD) is a noninvasive tech-
nique that allows a rapid and magnifi ed in vivo 
observation of the skin surface with the visual-
ization of morphologic structures invisible to the 
naked eye [ 1 – 3 ]. Images obtained by a high- 
resolution color video camera, equipped with 
lenses that currently allow magnifi cations rang-
ing from ×10 to ×1,000, are indirectly visualized 
on a monitor and stored on a personal computer. 
This technique allows eventual image processing 
and comparison of any lesion changes over time, 
thus signifi cantly improving follow-up assess-
ment. VD represents the evolution of dermatos-
copy (also known as dermoscopy), performed 
with manual devices, which does not require any 
computer “assistance” but generally reaches 
magnifi cations no greater than ×10. VD may be 
performed directly or, most often, through the 
technique called epiluminescence microscopy, 
which involves the application of a liquid trans-
parent medium (oil, gel, alcohol, or water) 
between the lens and the skin to minimize surface 

light refl ection from the cornifi ed layer. Some 
systems utilize polarized light, obtaining similar 
results without the need for liquids. In addition, 
VD system may be equipped with fi ltered wave-
lengths. For instance, a 400 nm light source may 
be used to obtain imaging enhancement, improv-
ing vessel details visualization, for the evaluation 
of skin microcirculation [ 4 ]. 

 VD is widely used in the diagnosis of pigmented 
skin lesions, as well as in a wide variety of derma-
tologic conditions (Table  1.1 ). It may also be useful 
for prognostic evaluation and monitoring of 
response to treatment, representing an important 
and relatively simple aid in daily clinical practice.

   In this chapter we will use the term VD, even 
for those cases in which studies have been per-
formed using manual low-magnifi cation devices.  

1.2     Pigmented Skin Lesions 

 VD allows the identifi cation of different skin 
structures localized from the epidermis to the 
superfi cial/medium dermis usually undetectable 
by simple clinical observation. Several studies 
correlated the VD features (retrieved by horizontal 
observation) and the correspondent  histopathologic 
fi ndings (observed in vertical extension). The 
introduction of VD has forwarded a great impact 
in the management of pigmented skin lesions, sig-
nifi cantly improving the early detection of mela-
noma and increasing diagnostic accuracy from 5 
to 40 % over clinical visual inspection, depending 
on lesion type and physician experience [ 5 – 9 ]. 

        F.   Lacarrubba     (*) •     F.   Dinotta     •     C.   Santagati    
  Dermatology Clinic , 
 University of Catania ,   Catania ,  Italy     

    G.   Micali ,  MD       (*)  
  Dermatology Clinic , 
 University of Catania, 
A.O.U. Policlinico – Vittorio Emanuele , 
  Via Santa Sofi a ,  78 – 95123   Catania ,  Italy   
 e-mail: cldermct@nti.it  
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 The classic approach to a pigmented lesion by 
VD is based on a two-step procedure (Fig.  1.1 ).

   The observer should fi rst distinguish melano-
cytic lesions from non-melanocytic ones. In 
Tables  1.2  and  1.3 , the common VD features of 
melanocytic and non-melanocytic lesions are 
described, along with their histopathologic cor-
relation (Tables  1.2  and  1.3 ). The presence of 
pigmented network, aggregated globules, streaks, 
and homogeneous blue pigmentation favors a 
melanocytic lesion (excluding face, palms, and 
soles). Moreover, if the lesion does not demon-
strate any of the specifi c structures of non- 
melanocytic lesion, it should be considered 
melanocytic and consequently excised to rule out 
a structureless melanoma [ 10 – 13 ].

    The evaluation of vascular structures 
(Table  1.4 ) is also useful, especially for the diag-
nosis of hypo- or nonpigmented lesions [ 14 ].

   Once a lesion is classifi ed as melanocytic, the 
second step differentiates benign melanocytic 
lesions from malignant ones (Table  1.5 ): in this 
case, several diagnostic methods may be used. 
Pattern analysis, fi rst proposed in 1987 and later 
modifi ed [ 10 ,  15 ,  16 ], is based on subjective, 
qualitative, critical, and simultaneous evaluation 
of several criteria: general appearance of the pig-
mented skin lesion (uniform or heterogeneous), 
pattern of pigmentation (type and distribution of 
color, presence of depigmentation, pigment net-
work, brown globules, and black dots), and 
lesion margins (regular or irregular for the pres-
ence of streaks). Pattern analysis evaluation 
requires special knowledge of the criteria and 
specifi cally trained observers in order to be used 
with confi dence. To make the approach more 
functional, new diagnostic algorithms have been 
introduced. They consist of score systems that 
can be used by less experienced observers, pro-
viding a high rate of diagnostic accuracy [ 6 ,  11 , 
 17 ,  18 ]. They include the ABCD rule, the 
Menzies method, the seven-point checklist, 
the CASH (color, architecture, symmetry, and 
homogeneity) method, and the three-point 
checklist [ 19 – 21 ]. Pattern analysis, although 
complex, is the most rapid and complete 
approach. When the observer achieves good der-
moscopic experience, this application becomes 
intuitive and automatic; it is of great utility, 
especially in patients with multiple lesions [ 5 ].

   Table 1.1    VD applications in dermatology   

  Pigmented skin lesions  
 Melanocytic (nevi, melanoma) 
 Non-melanocytic (solar lentigo, seborrheic keratosis, 
dermatofi broma, basal cell carcinoma) 
  Nonpigmented skin lesions  
 Sebaceous hyperplasia 
 Pyogenic granuloma 
 Clear cell acanthoma 
 Xanthomatous neoplasms 
 Mastocytosis 
 Sarcoidosis 
 Median raphe cysts 
 Eccrine poroma 
 Keratoacanthoma 
 Actinic porokeratosis 
 Nonpigmented facial actinic keratosis 
 Bowen’s disease 
 Invasive squamous cell carcinoma 
 Kaposi’s sarcoma 
  Ectoparasitoses  
 Scabies 
 Head and pubic lice 
 Tungiasis 
 Cutaneous leishmaniasis 
 Furuncular myiasis 
 Demodicosis 
  Cutaneous / mucosal infections  
 Molluscum contagiosum 
 Cutaneous warts 
 Genital warts 
 Tinea nigra 
 Lupus vulgaris 
  Infl ammatory disorders  
 Psoriasis 
 Lichen planus 
 Urticaria and urticarial vasculitis 
 Rosacea 
 Pityriasis lichenoides et varioliformis acuta 
  Scalp disorders  (see Chap.   39    ) 
 Hair loss 
 Parasitoses 
 Psoriasis 
 Hair shaft disorders 
  Nail disorders  
 Psoriasis 
 Onychomycosis 
 Onychomatricoma 
 Glomus tumor 
  Vascular disorders  
 Port-wine stains 
 Infantile hemangioma 
 Pigmented purpuric dermatoses (PPD) 

F. Lacarrubba et al.
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   If a non-melanocytic lesion is recognized in 
the fi rst step, no further evaluation through algo-
rithm methods is needed, as the diagnosis is gen-
erally readily made (Table  1.6 ).

   In general, VD examination may confi rm or 
exclude the clinical diagnosis, signifi cantly 
downsizing unnecessary removal of benign, but 
clinically equivocal, pigmented skin lesions, such 
as thrombosed angiomas and seborrheic kerato-
ses. On the other hand, VD may help to increase 
the index of suspicion in case of melanomas clin-
ically mimicking benign lesions [ 5 ]. 

 VD allows close, noninvasive follow-up of 
pigmented skin lesions in order to detect minimal 
changes suggesting an early diagnosis of mela-
noma; monitoring may reduce the number of 
unnecessary biopsies, representing a helpful tool 
to decide which lesions should be removed and 
when. Long-term follow-up allows comparison 
of atypical nevi over 6–12 months in patients 
with multiple lesions (i.e., patients with atypical 
mole syndrome). Short-term follow-up (gener-
ally at 3 months) is performed on single suspi-
cious lesions (i.e., anamnesis of changes) that 
lack features of melanoma. Complete excision 
should be considered in a lesion that shows sig-
nifi cant changes on follow-up [ 5 ]. 

 Automated diagnostic systems require no 
input by the clinician but rather report a likely 
diagnosis based on computer algorithms. There 

are many available software approved for medi-
cal use; however to date, the true benefi ts of these 
systems remain questionable [ 22 ]. 

1.2.1     Special Localizations 

1.2.1.1     Face 
 In this site a specifi c  pseudo - network  with a 
broad mesh and holes, due to the numerous fol-
licular and sweat glands openings, is generally 
seen in both melanocytic and non-melanocytic 
superfi cial lesions [ 23 ]. In lentigo maligna, in the 
fi rst stage, hyperpigmented, asymmetric, follicu-
lar openings may be detected, with fi ne streaks, 
dots, and globules later developing around the 
follicles and creating the so-called annular- 
granular pattern along with the formation of 
rhomboidal structures; in the last stages, hyper-
pigmentation becomes homogeneous enough to 
obliterate follicular openings [ 5 ].  

1.2.1.2     Palms and Soles 
 In these areas pigmentation is arranged through 
parallel lines that follow skin grooves [ 24 ]. Acral 
melanocytic nevi may show three different types 
of VD patterns: the  parallel - furrow pattern , the 
 latticelike pattern , and the  fi brillar pattern . The 
 parallel - furrow pattern  is the most frequently 
observed: it shows linear pigmentation along the 

First
Step

Second
Step

Begin Suspect Malignant

Pattern analysis
ABCD rule
Menzies method
7-point check list
CASH method
3-point check list

Pigmented skin lesion

Melanocytic Non-melanocytic
(basal cell carcinoma, seborrheic

 keratosis, dermatofibroma,
 angioma, etc.)

  Fig. 1.1    Two-step approach 
for the diagnosis of 
pigmented skin lesions       
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    Table 1.2    Common VD features of melanocytic lesions   

 VD features  Description 
 Histopathologic 
correlation 

 Pigment network  Grid of brownish lines 
over a tan background. 

 The lines correspond to 
melanin pigment 
contained in keratinocytes 
or in melanocytes 
outlining the pattern of 
the epidermal rete ridges, 
while the tan areas among 
them correspond to the 
dermal papillae tips 

  

a

    

 It can be typical 
(regular, thin, narrow) 
or atypical (irregular, 
thick, wide) in benign 
and malignant 
melanocytic lesions, 
respectively 

 Diffuse 
pigmentation 

 According to the 
localization of the 
melanin pigment within 
the skin, different 
colors can be seen. 

 Melanin pigment 
localized within the 
epidermal stratum 
corneum appears black; 
in the lower epidermal 
layers light to dark 
brown; in the papillary 
dermis gray; pigmentation 
of the reticular dermis is 
steel blue 

  

b

    

 Even and uneven 
pigmentation is usually 
found in benign and 
malignant lesions 

 Hypopigmentation  Diffuse or localized 
areas of decreased 
pigmentation, 
commonly observed in 
benign melanocytic 
lesions 

 Decreased melanin 
pigment 

  

c

    
 Black dots  Small, round structures 

that may be regularly or 
irregularly distributed, 
respectively, in benign 
and malignant 
melanocytic lesions 

 Focal collections of 
melanin in the stratum 
corneum 

  

d

    

F. Lacarrubba et al.
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 VD features  Description 
 Histopathologic 
correlation 

 Brown globules  Round to oval, 
variously sized 
structures that show a 
regular or irregular 
distribution, 
respectively, in benign 
and malignant 
melanocytic lesions 

 Nests of melanin-
containing melanocytes in 
the lower epidermis 

  

e

    
 Streaks  This term comprises 

 radial streaming  and 
 pseudopods , which 
irradiate from the lesion 
border: the former are 
narrow, closely 
arranged, parallel lines, 
the latter appear as 
digitiform extensions. 

 Peripheral, confl uent, and 
heavily pigmented 
junctional nests of 
melanocytes 

  

f

    

 Streaks may be 
regularly or irregularly 
distributed within both 
a pigmented Spitz 
nevus and a melanoma 

 Regression  This term comprises 
 white scar - like 
depigmentation  ,  which 
corresponds to areas 
lighter than the normal 
skin, and the so-called 
 peppering , which 
consists of speckled 
multiple blue-gray 
granules within a 
hypopigmented area. 
Regression is frequently 
observed in melanoma 

 Fibrosis and melanosis 

  

g

    
 Blue-white veil  Irregular, ill-defi ned 

gray-blue to whitish-
blue pigmentation 
dimming the underlying 
structures 

 Acanthotic epidermis 
with focal 
hypergranulosis above 
sheets of melanophages 
and/or heavily pigmented 
melanocytes in the 
superfi cial dermis 

  

h

    

 It is highly suggestive 
of melanoma 

Table 1.2 (continued)

1 Use of Videodermatoscopy in Dermatology
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    Table 1.3    Common VD features of non-melanocytic lesions   

 VD features  Description  Histopathologic correlation 

 Milia-like cysts 
(horny 
pseudocysts) 

 Round luminescent 
whitish or yellowish 
structures. They are 
mainly observed in 
seborrheic keratoses 

 Small intraepithelial cysts 
fi lled with keratinized 
material 

  

a

    
 Comedo-like 
openings 

 Round or oval-shaped 
yellow to brown 
areas. They are 
mainly observed in 
seborrhoeic keratoses, 
occasionally in 
papillomatous 
melanocytic nevi, 
rarely in melanoma 

 Keratin-fi lled invaginations 
of the epidermis 

  

b

    
 Brain-like 
appearance 

 Irregular linear 
keratin-fi lled grooves 
(or sulci) alternating 
with yellowish to 
brownish ridges (or 
gyri). Typical of 
seborrheic keratoses 

 Keratin-fi lled invaginations 
of the epidermis 

  

c

    
 Exophytic 
papillary 
structures 

 Dome-shaped 
formations. Observed 
in dermal nevi and in 
seborrheic keratoses 

 Pronounced papillomatosis 

  

d

    
 Fingerprint-like 
structures 

 Light-brown, delicate, 
network- like 
confi gurations seen at 
the periphery of a 
lesion, producing a 
pattern that resembles 
fi ngerprints. They are 
typical of fl at 
seborrheic keratoses 

 Thin elongated rete ridges 
that are heavily pigmented 
at the basal layer 

  

e

    

F. Lacarrubba et al.
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 VD features  Description  Histopathologic correlation 

 Moth-eaten 
border 

 Concave rim which 
has been compared to 
a moth-eaten garment. 
It is typical of fl at 
seborrheic keratoses 

 Pigment distribution at the 
basal layer 

  

f

    
 Leafl ike areas  Brown-gray or 

gray-blue regions 
located at the lesion 
periphery, forming a 
leafl ike pattern. Typical 
of basal cell carcinoma. 

 Clumps of pigmented 
basaloid cells 

  

g

    

 Radial projections 
meeting at a central 
axis are defi ned 
spoke- wheel areas 

 Blue-gray 
globules and 
large blue-gray 
ovoid nests 

 Well-circumscribed, 
roundish to oval 
structures, of different 
sizes, not intimately 
connected to a 
pigmented tumor 
body. Suggestive of 
basal cell carcinoma 

 Pigmented basaloid cells 

  

h

    
 Central white 
patch 

 Sharp circumscribed, 
round to oval, 
sometimes irregularly 
outlined, whitish area 
within the center of a 
pigmented lesion. 
Specifi c for 
dermatofi broma 

 Epidermal hyperplasia 
overlying a variable amount 
of dermal fi brosis 

  

i

    
 Red-blue areas 
(red lacunas or 
red lagoons) 

 Roundish or oval 
structures with a 
reddish or red-bluish 
coloration. Typical of 
angiomas. They may 
acquire a deep blue to 
black color after 
thrombosis 

 Widened vascular lacunae 
located in the superfi cial 
   dermis    

  

l

        

Table 1.3 (continued)
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   Table 1.4    Common vascular structures in skin lesions   

 Vascular structure  Description 

 Comma-like  Short, strongly curved blood vessels 
predominantly seen in dermal nevi 

  

a

    
 Hairpin-like  Long capillary loops which may be 

seen in melanoma, keratoacanthoma 
and seborrheic keratoses 

  

b

    
 Dotted  Small pinpoint vessels 

corresponding to short capillary 
loops, which are commonly seen in 
all types of tumors, including 
melanoma and Bowen’s disease 

  

c

    

F. Lacarrubba et al.
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grooves between the skin markings and two lin-
ear lines along both sides of each sulcus; single 
or double dotted lines along the sulci may be 
present as variants. The  latticelike pattern  shows 
a linear pigmentation which follows and crosses 
the surface sulci. The  fi brillar pattern  is charac-
terized by fi ne fi brillar pigmentation  running in a 
slanting direction to the skin  markings. In situ 
acral melanoma shows the so-called  parallel 
ridge pattern , a diffuse and fi ne reticular, irregu-
larly shaped pigmentation that follows the papil-
lary tips [ 5 ]; however, some benign acral lesions 
may show parallel ridge pattern on VD [ 25 ].  

1.2.1.3     Other Sites 
 The use of VD for pigmented lesions of the nails 
or mucous membranes (both oral and genital) has 
been signifi cantly less investigated [ 26 – 28 ]. 
There is a need to intensify research, which 

would result in creating diagnostic algorithms, 
useful for early detection of melanoma.    

1.3     Nonpigmented Skin Lesions 

 VD may be useful for the diagnosis of several 
nonpigmented skin proliferations, showing in 
some cases specifi c features. In those cases 
characterized by indicative but not specifi c 
 features, VD may help to rule out clinically sim-
ilar disorders that do not show that pattern. 

1.3.1     Sebaceous Hyperplasia 

  VD features : Central aggregation of white- 
yellowish globules ( cumulus sign ) surrounded by 
a crown of vessels (Fig.  1.2 ). Occasionally, the 

 Vascular structure  Description 

 Treelike  Thick and arborized structures 
commonly observed in basal cell 
carcinoma 

  

d

    
 Linear irregular  Predominantly seen in melanoma 

  

e

    

Table 1.4 (continued)
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   Table 1.5    Melanocytic lesions and VD correlations   

 Melanocytic lesion  VD features 

 Junctional 
melanocytic nevus 

 Regular, delicate pigment 
network that gradually fades 
at its periphery. In its central 
portion, multiple black dots 
or a uniform dark 
pigmentation may be 
present 

  

a

    
 Compound 
melanocytic nevus 

 Pigment network and/or 
diffuse brown pigmentation. 
It also exhibits regularly 
distributed brown globules 

  

b

    
 Dermal melanocytic 
nevus 

 Brown globules varying in 
size and color, sometimes 
arranged to create a 
“cobblestone” effect. 
Comma-like vessels are 
commonly observed 

  

c

    

F. Lacarrubba et al.
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(continued)

 Melanocytic lesion  VD features 

 Pigmented Spitz 
nevus 

 Characteristic starburst 
pattern formed by a 
prominent gray-blue to 
black diffuse pigmentation 
and by streaks radially and 
regularly located along the 
periphery. In its center, a 
reticular black-whitish to 
blue-whitish veil, called 
reticular depigmentation, 
may be present. The 
starburst pattern may rarely 
be seen also in melanoma; 
thus, in adult patients, a 
biopsy should be performed 
when such spitzoid features 
are detected by VD 

  

d

    
 Blue nevus  Homogeneous blue 

pigmentation with complete 
absence of other fi ndings. 
Multiple areas of 
hypopigmentation 
corresponding to fi brosis 
may be observed 

  

e

    
 Melanoma in situ 
and early invasive 
melanomas 

 Diffuse pigmentation 
irregular in color and/or 
distribution, atypical 
pigment network with wide 
and irregular meshes and 
thick lines ending abruptly 
at the periphery, dots or 
globules variously sized and 
haphazardly distributed, 
irregularly dispersed streaks 

  

f

    

Table 1.5 (continued)
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 Melanocytic lesion  VD features 

 Intermediate and 
thick melanomas 

 The previous fi ndings are 
associated with a blue-
whitish veil and, frequently, 
with dotted, linear irregular, 
and/or hairpin vessels. 
Regression may also be 
present and, if extensive, 
should always prompt 
biopsy, despite the presence 
of other VD criteria, to 
avoid missing a melanoma 

  

g

    
 Amelanotic 
melanoma 

 Presence of polymorphous 
vessels, which may be 
evident as dotted, hairpin, 
and/or linear irregular. 
Moreover, milky-red 
globules or milky-red areas 
which appear as localized or 
diffuse areas of reddish-
white color may be seen; 
these fi ndings are thought to 
represent highly 
vascularized amelanotic 
tumor cell complexes 

  

h

    

Table 1.5 (continued)

ostium of the gland is visible as a small crater or 
umbilication in the middle of these yellowish 
structures ( bonbon toffee sign ) [ 29 ,  30 ].

1.3.2        Pyogenic Granuloma 

  VD features : Typical pattern characterized by a 
red to dark pink homogeneous area, correspond-
ing to proliferating vessels, surrounded by a 
white collarette corresponding to the hyperplastic 
 epithelium. Additional fi ndings include white 

lines intersecting the lesion ( white rail ) (Fig.   1.3  ), 
 histologically corresponding to fi brous septa that 
surround the capillary tufts or lobules, and ulcer-
ation [ 31 ].

1.3.3        Clear Cell Acanthoma 

  VD features : At low magnifi cation (×20 to ×50), 
homogeneous, symmetrical dotted vessels 
throughout the entire lesion arranged either in a 
netlike pattern or as pearls on a line. At higher 

F. Lacarrubba et al.
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   Table 1.6    Non-melanocytic lesions and VD correlations   

 Non-melanocytic lesion  VD features 

 Basal cell carcinoma  Leafl ike areas, spoke-wheel areas ,  
blue-gray globules and/or large 
blue-gray ovoid nests. 

  

a

    

 The presence of treelike vessels and/or 
ulcerations is also typical 

 Seborrheic keratosis  Milia-like cysts and comedo-like 
openings on a background varying 
from opaque light brown to dark brown 
or black. 

  

b

    

 A pronounced black pigmentation 
camoufl aging the pathognomonic 
features may be seen 
(melanoacanthoma). 
 Other morphological fi ndings that 
sometimes may be observed include a 
brain-like appearance and exophytic 
papillary structures. 
 Some fl at seborrhoeic keratoses (also 
known as solar lentigines) may show 
either a fi ngerprint-like pattern or a 
moth-eaten border 

 Lichen planus-like 
keratosis 

 Brown-gray and blue-gray granular 
pattern 

  

c

    
 Dermatofi broma  Central white patch surrounded by a 

delicate, regular, usually light-brown 
pigment network. Sometimes within 
the central patch several small round to 
oval globules of light-brown coloration 
may be found 

  

d

    
(continued)
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magnifi cation (×200), the dotted vessels display a 
 bush - like  aspect [ 32 – 34 ].  

1.3.4     Xanthomatous Neoplasms 

  VD features : Xanthoma shows a uniform yellow-
ish pigmentation with subtle erythematous  border, 
compared with a  setting sun  [ 35 ,  36 ]. Moreover, 
some linear and/or branched vessels may be pres-
ent. Specifi c features include brownish globules 

and dots of dermal hemosiderin in reticulohistio-
cytoma, peripheral pigmented network with basal 
hyperpigmentation in xanthomized dermofi -
broma, isolated dotted vessels, and “cloud” of 
yellow areas in adult xanthogranuloma [ 37 ].  

1.3.5     Mastocytosis 

  VD features : In urticaria pigmentosa and in the 
papular variant of cutaneous mastocytosis, the 

 Non-melanocytic lesion  VD features 

 Senile angiomas  Red-blue areas. Darker red-blue or 
red-black colors are signs of thrombi 
within the vascular spaces 

  

e

    
 Angiokeratomas  Red-blue or red-black areas associated 

with whitish keratotic areas or a 
blue-whitish veil 

  

f

    
 Subcorneal hematomas  Homogeneous dark-brown pattern or 

dark-red globules 

  

g

    

Table 1.6 (continued)
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most common structures are brown reticular 
lines. In telangiectasia macularis eruptiva per-
stans, there are telangiectatic vessels arranged in 
a reticular pattern [ 38 ].  

1.3.6     Sarcoidosis 

  VD features : Translucent yellow to orange 
globular- like or structureless areas associated 
with linear vessels should raise the suspicion of a 
granulomatous skin disease [ 39 ].  

1.3.7     Median Raphe Cysts 

 VD may be helpful in the differentiation between 
cysts and canals of the median raphe of the penis, 
thus helping to establish the most appropriate 
therapeutic approach. 

  VD features : In one case, examination at  × 30 
revealed that the whitish, cystic lesions were con-
nected and encompassed by a translucent tract, 
not visible to the naked eye, allowing for a 
 defi nitive diagnosis of median raphe canal as 
more appropriate [ 40 ].  

1.3.8     Eccrine Poroma 

  VD features : Red lacunae and a polymorphic vas-
cular pattern (irregular linear vessels, glomerular 
vessels, and hairpin vessels), mimicking those 
detectable in amelanotic melanoma and basal cell 
carcinoma [ 41 ,  42 ].  

1.3.9     Keratoacanthoma 

  VD features : Central yellowish to brownish struc-
tureless mass of keratin usually surrounded by 
elongated and sometimes thick hairpin vessels. 
The latter typically occur within a white halo [ 42 ].  

1.3.10     Actinic Porokeratosis 

  VD features : Well-defi ned whitish-yellow periph-
eral annular structure, with a brownish pigmenta-
tion in the inner side. This structure, which has 
been described as  the outlines of a volcanic cra-
ter as observed from a high point  or as  white 
track , surrounds a central whitish or red-whitish, 
scar-like area, in which scales and dotted or lin-
ear vessels may be observed. In some cases, a 
double  white track  may be observed [ 43 – 45 ].  

1.3.11     Nonpigmented Facial Actinic 
Keratosis 

  VD features : Peculiar  strawberry  appearance, 
produced by four features: a pink-to-red pseudo- 

  Fig. 1.2    VD of sebaceous hyperplasia: central aggrega-
tion of  white - yellowish  globules surrounded by a  crown of 
vessels  (×20)       

  Fig. 1.3    VD of pyogenic granuloma:  reddish  homoge-
neous area intersected by  white lines  (×20)       
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network, a white-to-yellow surface scale, fi ne, 
linear-wavy vessels, and hair follicle openings 
fi lled with yellowish keratotic plugs and/or sur-
rounded by a white halo (Fig.  1.4 ) [ 46 ,  47 ].

1.3.12        Bowen’s Disease 

  VD features : Dotted/glomerular vessels and a 
scaly surface occur in up to 90 % of cases. In 
pigmented Bowen’s disease, small brown glob-
ules in a patchy distribution, a grey-brown 
 diffuse pigmentation, and a pigmented pseudo-
network represent the most remarkable fi nd-
ings. VD has been considered of help in 
preoperatory evaluation, in follow-up and in 
monitoring the nonsurgical outcome of the 
 disease, where the disappearance of vascular 
structures may indicate adequate treatment 
[ 48 – 51 ].  

1.3.13     Invasive Squamous Cell 
Carcinoma 

  VD features : Hairpin, dotted, and/or linear irreg-
ular vessels (polymorphous vascular pattern) 
over a whitish background, with centrally located 
scales or keratin crusts (structureless yellow to 
light brown amorphous areas). Ulcerations are 
often present [ 42 ,  47 ].  

1.3.14     Kaposi’s Sarcoma 

  VD features : Homogeneous bluish-reddish pig-
mentation, which seems to be related to the pres-
ence of vascular structures in the deep dermis. 
Other fi ndings include a scaly surface and small 
brown globules. The  rainbow pattern , consisting 
of multicolored areas showing the colors of a 
rainbow’s spectrum [ 52 ], is not specifi c, as it has 
been encountered in other conditions (melanoma, 
stasis dermatitis, lichen planus, and hemosider-
otic dermatofi broma) [ 53 ].   

1.4     Ectoparasitoses 

1.4.1     Scabies 

 VD – especially at high magnifi cation – is a 
 sensible and highly specifi c technique for the 
diagnosis of scabies, allowing a rapid inspection 
of the entire skin surface. 

  VD features : At low magnifi cation (up to ×40), 
presence of a small dark brown triangular struc-
ture, corresponding to the head of the mite, located 
at the end of the burrow ( jet with contrail ). At 
higher magnifi cation (×100 to ×600), VD allows a 
more detailed inspection and identifi cation of the 
mite morphology and of its products: the oval 
translucent body, the legs, the rostrum, the eggs, 
and the feces (Fig.  1.5 ). In most cases, it is possible 
to detect the mite movements inside the burrow.

   The exam is not painful, and is thus better 
accepted, compared to scraping (the traditional 
diagnostic technique that requires the use of a 
scalpel blade), especially by children and highly 
emotional patients. Finally, it may also be used 
both for the screening of family members and 
post-therapeutic follow-up [ 54 – 58 ].  

1.4.2     Head and Pubic Lice 

 VD ensures a detailed identifi cation of both mites 
and nits, allowing a rapid differentiation with 
pseudo-nits (hair casts, debris of hair spray or 
gel, or seborrheic scales) [ 58 ,  59 ]. VD may also 
be useful in therapeutic monitoring and to 

  Fig. 1.4    VD of facial nonpigmented actinic keratosis: 
typical  strawberry  appearance (×20)       
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  Fig. 1.5    VD of scabies: presence of  Sarcoptes scabiei  at 
the end of the burrow (bottom   ). The mite’s head appears 
pigmented (arrow) (×200)       

 evaluate the pediculicidal    activity of different 
topical products [ 60 ]. 

  VD features : Full, viable nits appear as opaque 
structures, with a rounded free ending, fi xed to the 
hair shaft; empty nits appear as translucent struc-
tures with a fl at and fi ssured free ending [ 58 ,  59 ].  

1.4.3     Tungiasis 

  VD features : Brown to black ring with a central 
pore, corresponding to pigmented chitin sur-
rounding the posterior portion of the parasite’s 
exoskeleton ( Tunga penetrans ). Additional fea-
tures include a  grey - blue blotch  (representing 
either developing eggs within the abdomen or 
hematin in the gastrointestinal tract of the para-
site) and  whitish chains  (corresponding to para-
site’s eggs arranged in a row). After sequential 
and careful shaving of the epidermis and gently 
compressing the edges of the wound, a jellylike 
bag full of ovoid eggs may be seen [ 61 – 64 ].  

1.4.4     Cutaneous Leishmaniasis 

  VD features : Diffuse erythema and vascular struc-
tures including comma-shaped vessels, linear or 
atypical vessels, and arborizing telangiectasia [ 65 ]. 
Also, early lesions may show yellow oval or 

 teardrop-shaped structures ( yellow tears ) com-
posed of follicular plugs produced by the compres-
sion of the follicular openings. Advanced stages 
display hyperkeratosis, vascular abnormalities 
(hairpin and dotted vessels), and the so- called  white 
starburst - like  pattern adjacent to the peripheral 
hyperkeratosis surrounding the central erosion.  

1.4.5     Furuncular Myiasis 

  VD features : View of the posterior segment of the 
larva ( Dermatobia hominis ) with its breathing 
 spiracles looking like bird’s feet. Those struc-
tures are seen in the center of a creamy-white 
body that is surrounded by black dots shaped as a 
thorn crown and representing small spines in a 
circular row [ 66 ].  

1.4.6     Demodicosis 

  VD features : Identifi cation of Demodex mites, 
with visualization of Demodex  tails  and 
Demodex follicular openings. In patients with 
the infl ammatory variant of demodicosis, reticu-
lar horizontal dilated blood vessels may be also 
visualized [ 67 ].   

1.5     Cutaneous/Mucosal 
Infections 

1.5.1     Molluscum Contagiosum 

  VD features : Characteristic pattern consisting of 
a central polylobular white-to-yellow amorphous 
structure with a peripheral crown of reddish, lin-
ear, or branched vessels, which do not usually 
cross the center of the lesion ( red corona ) 
(Fig.  1.6 ) [ 68 ,  69 ].

1.5.2        Cutaneous Warts 

  VD features : Multiple densely packed papillae, 
each containing a central red dot surrounded by a 
whitish halo; irregularly distributed black dots, 
corresponding to thrombosed vessels, are also 
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visible [ 58 ,  70 ,  71 ]. Such hemorrhages are prom-
inent in the plantar wart within a well-defi ned, 
yellowish papilliform surface in which skin lines 
are interrupted. Flat warts are characterized by 
regularly distributed, tiny, red dots on a light 
brown to yellow background.  

1.5.3     Genital Warts 

  VD features : Refl ect the lesion stage. In papular 
lesions, VD shows a whitish network circum-
scribing areas centered by dilated glomerular 
vessels ( mosaic pattern ). In caulifl ower-like 
lesions, VD shows multiple, irregular whitish 
projections arising from a common base and 
comprising elongated and dilated vessels 
(  fi ngerlike pattern ) [ 58 ,  72 – 74 ]. The use of VD 
may help to differentiate genital warts from ves-
tibular papillae and pearly penile papules [ 73 ,  75 , 
 76 ]. At VD, vestibular papillae present as multi-
ple transparent and cylindrical projections, con-
taining irregular vascular structures, whose bases, 
however, remain separate; pearly penile papules 
appear as regular whitish pink cobblestone or 
grape-like structures in a few rows with central 
dotted or comma-like vessels in each papule.  

1.5.4     Tinea Nigra 

  VD features : Homogeneous non-melanocytic 
pigmented pattern with spicules that do not 

follow the dermatoglyphic lines in the irregular 
macule [ 77 ].  

1.5.5     Lupus Vulgaris 

  VD features : Linear focused telangiectasia on a 
typical yellow to golden background [ 58 ,  78 ]. 
Moreover, some milia-like cysts and whitish 
reticular streaks have also been detected. 
Nevertheless, none of the observed features is 
suffi ciently specifi c alone, while their combina-
tion may result in increased sensitivity.   

1.6     Infl ammatory Disorders 

 In infl ammatory diseases, VD evaluation of vas-
cular pattern may be of great importance; in this 
case, the technique may be compared to capilla-
roscopy, and for such reasons the use of high 
magnifi cation (≥×100) is indicated. 

1.6.1     Psoriasis 

  VD features : At low magnifi cation (×10 to ×50), 
a dotted pattern is evident. Higher magnifi cations 
(×100 to ×400) are able to visualize dilated, elon-
gated, and convoluted capillaries showing a typi-
cal  glomerular  or  bushy  pattern (Fig.  1.7 ) [ 79 ]. 
The vessel caliber in psoriasis has been observed 
to be larger (12–13 μm) than in normal skin 
(5–6 μm) [ 79 ]. In perilesional skin, capillary 
loops have an elongated “hairpin” disposition, 
parallel to the cutaneous surface, with a length-
ened edge directed towards the board of the 
lesion.

   Identifi cation of  bushy  capillaries by VD 
may be helpful in addressing the correct diag-
nosis in unusual presentations, such as in pal-
mar and/or plantar psoriasis [ 80 ], psoriatic 
balanitis [ 81 ], and scalp psoriasis [ 82 ], particu-
larly in those cases when no other body sites 
are involved. Finally, the recognition of this 
pattern is almost important in in vivo therapy 

  Fig. 1.6    VD of molluscum contagiosum: central yellow 
amorphous structure with a peripheral crown of branched 
vessels (×30)       
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  Fig. 1.7    VD of psoriasis plaque: typical  bushy  pattern 
(×200)       

monitoring, disclosing  morphological modifi -
cations, and loop changes after local and 
 systemic treatments [ 79 ].  

1.6.2     Lichen Planus 

  VD features : Easy and rapid recognition of 
Wickham striae, appearing as pearly whitish 
structures which secondary develop thin spikes 
( comblike  projections) or arboriform ramifi ca-
tions departing from the periphery. Long-
standing lesions display a decrease in Wickham 
striae, gradually surrounded by pigmented struc-
tures. Other structures include gray-blue dots, 
cysts, or vascular structures with a deeper loca-
tion and thus generally not visible to the naked 
eye [ 83 ,  84 ].  

1.6.3     Urticaria and Urticarial 
Vasculitis 

  VD features : Common urticaria reveals a red, 
reticular network of linear vessels, occasionally 
associated with dotted vessels. Also, nonvascular 
areas within vascular structures, as a consequence 
of massive edema, may be detected [ 85 ]. 
Urticarial vasculitis displays numerous purpuric 
dots or globules on an orange-brown pigmenta-
tion, whose recognition is relevant to their 
differentiation.  

1.6.4     Rosacea 

  VD features : Dilated vessels, prominent telangi-
ectasia, and large polygonal vascular net. In con-
trast, no alterations were found in the nail-fold 
region, suggesting that rosacea specifi cally 
affects the facial microvasculature [ 86 ].  

1.6.5     Pityriasis Lichenoides et 
Varioliformis Acuta 

  VD features : Examination at ×20 reveals papules 
with a central whitish patch and crusted lesions 
with an amorphous brownish structure; both types 
of lesion are surrounded by a well-defi ned ring 
of pinpoint-like and/or  linear vascular structures 
confi guring a targetoid appearance. At higher 
magnifi cation (×200 to ×300), the ring vascular 
structures appear dilated and convoluted, show-
ing a glomerular pattern or linear arrangement; 
moreover, nonblanchable reddish globules, cor-
responding to micro-hemorrhages in papillary 
dermis, may be observed [ 87 ].   

1.7     Scalp Disorders 

 See Chap.   39    .  

1.8     Nail Disorders 

 The use of VD in nail disorders is still in prog-
ress. Potentially, VD allows nail examination of 
all anatomic parts of nail unit, such as nail plate, 
hyponychium, distal edge, proximal nail fold, 
nail bed, and matrix [ 88 ,  89 ]. 

1.8.1     Psoriasis 

  VD features : Nail matrix psoriasis frequently 
produces nail plate surface abnormalities, such 
as pitting, nail crumbling, onycholysis, salmon 
patches, splinter hemorrhages, and nail bed 
hyperkeratosis, that may be better defi ned with 
the use of VD [ 89 ]. Moreover, VD  observation 
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(×40 to ×70) of the hyponychium displays 
dilated, tortuous, elongated, and irregularly dis-
tributed capillaries whose detection can be used 
to assess the severity of the disease [ 90 ].  

1.8.2     Onychomycosis 

  VD features : Nail infections caused by fungi pro-
ducing melanin show homogenous brownish pig-
mentation devoid of melanin granules and 
longitudinal streaks [ 88 ,  91 ,  92 ].  

1.8.3     Onychomatricoma 

  VD features : Nail plate shows longitudinal white 
lines, indicating channels containing the tumor 
projections [ 93 ].  

1.8.4     Glomus Tumor 

  VD features : Nail plate VD aids in tumor local-
ization and in the visualization of the vascular 
pattern of the lesion, consisting of branched tel-
angiectasia. It is also useful to detect residual 
tumor remnants in the operation fi eld after surgi-
cal excision [ 94 ].   

1.9     Vascular Disorders 

1.9.1     Port-Wine Stains 

  VD features : Superfi cial lesions located in the 
papillary dermis (type 1) show roundish and red 
structures, while deeper lesions (type 2) show 
prominent, red linear structures arranged in 
irregular networks. A gray-whitish veil is also 
consistent with the deep dermal distribution of 
the lesion. The last feature, along with the pres-
ence of white streaks on a variably whitish to 
blue background and of a pale halo surrounding 
a comedo-like-shaped center, seems to be 
 predictive of poor laser therapy response 
[ 95 – 98 ].  

1.9.2     Infantile Hemangioma 

  VD features : Superfi cial types show a polymor-
phous vascular structure (globular, circulated, 
comma-like, and wavy vessels), while deeper 
types show the same polymorphous vascular 
structure plus linear and dilated vessels [ 99 ].  

1.9.3     Pigmented Purpuric 
Dermatoses 

  VD features : All pigmented purpuric dermatoses 
(lichen aureus, Schamberg’s disease, Majocchi’s 
disease, Gougerot and Blum syndrome, and 
eczematid- like purpura of Doucas and 
Kapetanakis) share irregular, round to oval red 
dots, globules, and patches with a red-brownish 
or red-coppery diffuse homogeneous background 
pigmentation (hemosiderin deposition within the 
papillary dermis originating from erythrocytes 
extravased from dilated capillaries) [ 100 ].      
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2.1            Introduction 

 Melanocytes and their melanins govern the 
phototype- related color of the skin. Indeed, the color 
palette of the skin largely depends on the molecular 
nature and amount of melanins (eumelanin and phe-
omelanin) and on the size, shape, and distribution of 
melanosomes produced by melanocytes and trans-
ferred into keratinocytes. Such combinations defi ne 
what could be called the individual melanotype. 

 The epidermal melanin unit refers to a micro-
scopic functional entity composed of one single 
melanocyte and its adjacent keratinocytes into 
which the melanosomes are transferred. Chronic 
ultraviolet (UV) light exposures represent positive 
stimulatory signals to the epidermal melanin units. 
In such instance, both the active melanocytes are 
increased in number, and each individual melano-
cyte is stressed to produce more melanins. In addi-
tion, melanosome transfer from melanocytes to 
adjacent keratinocytes is boosted through the inter-
vention of the protease-activated receptor 2 [ 1 ]. 

 According to the native individual melano-
type, age, and cumulative UV exposures, the skin 
commonly develops a discrete to severe mottled 
appearance. Freckles in youths and solar lentigi-
nes in older individuals are typical clinical 
expressions of such events. The clinical aspects 
are due to an increase in the keratinocyte melanin 
content (melanotic hypermelanosis) associated 
or not with melanocytic hyperplasia. The result-
ing mottled pigmentation is an early key feature 
of photoaging.  

2.2     Clinical Recordings 

 Photography under UVA light, which is largely 
absorbed by melanin, was a convenient way to 
highlight any discrete regional change in skin 
pigmentation [ 2 – 7 ]. Provided that the lightning 
was kept constant and the camera calibrated 
beforehand, this technique revealed with confi -
dence pigmentation changes. Using a UVA 
source of lighting (Wood’s light), any skin blem-
ish was thus conveniently assessed by a regular 
photography system [ 2 – 7 ]. As such, UV photog-
raphy was used as a diagnostic tool, but it was 
rarely employed for measuring the intensity of 
pigmentation. Indeed, the latter application was 
not satisfactory because casual equipments gen-
erated shadows focally superposed to the skin 
pigmentation. In order to thwart to this drawback, 
a CCD camera equipped with an internal 
UV-emitting unit (Visioscan® VC98, C + K elec-
tronic, Cologne, Germany) was designed. 
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 The Visioscan® VC98 sensor chip is closely 
applied to the skin surface in order to avoid shad-
ows. The uniform illumination of the skin brings 
out a sharp video picture of a 6 × 8 mm area of the 
skin surface. The high resolution of the video cap-
ture allows close assessments of the skin. The 
computer connection of the Visioscan® VC98 is 
made through an image digitalization unit confi g-
uring a 256 gray level picture, where 0 corresponds 
to black and 256 to white. The camera-based 
image analysis leads to the so- called UV light-
enhanced visualization (ULEV) method [ 8 ,  9 ]. 

 The ULEV picture results from the combined 
refl ectance and absorption of the incident UV 
light by the skin structures [ 10 ]. Specular refl ec-
tance is mainly modulated by the stratum cor-
neum (SC) roughness. The SC surface of scaly 
dermatoses appears whitish. Once the UV light 
has crossed the epidermis, the residual UV wave-
lengths reach the fi brous structures of the dermal 
extracellular matrix which in turn emit fl uores-
cence. Following its way back to the skin surface, 
the refl ected and/or emitted light is captured by 
the recording CCD camera. During both the way 
in and way out through the skin, the UV light is 
possibly absorbed by two main chromophores, 
namely, melanins and hemoglobin. Melanin 
absorption exerts a prominent effect by reducing 
the light received by the CCD camera. Hemoglobin 
exerts a similar effect when present in abundance 
inside superfi cial hemangiomas. By contrast, the 
regular amount of blood in superfi cial blood ves-
sels has no signifi cant effect because fl uorescent 
connective tissue fi bers are interposed between 
the vessels and the skin surface. 

 The Visioface® Quick (C + K electronic) is 
another tool providing pictures similar to ULEV. 
The light booth contains 200 white diodes (LED) 
uniformly illuminating the exposed skin area. 
The camera (Canon Powershot A640 with a 10.2 
megapixel resolution) and light sources are 
computer- controlled. After applying adequate 
software fi ltering of the cyan hue, the image 
increases the contrast created by melanin [ 11 ]. 

 The Visioscan® VC98 contains a camera- 
based image analysis system allowing the evalu-
ation of the skin surface. The surface evaluation 
of living skin (SELS) software generates two 

 relevant parameters in the evaluation of skin sur-
face changes. The smoothness parameter (SESM) 
is proportional to the depth and width of furrows, 
and the wrinkling parameter (SEW) is propor-
tional to the number and width of furrows.  

2.3     Subclinical Melanoderma 

 The mottled subclinical melanoderma (MSM) 
is a mosaic pattern of skin pigmentation typi-
cally revealed under ULEV examination [ 8 ,  9 ]. 
This feature is particularly prominent in photo-
sensitive individuals with a light melanotype and 
pheomelanin- enriched phenotype [ 8 ]. Using the 
Visioscan-driven ULEV method, the increased 
contrast between the faint almost invisible spotty 
melanosis and the surrounding skin is the com-
bined result of a greater fl uorescence emission than 
visible light by collagen and the greater UVA and 
fl uorescence absorption by melanin inside the epi-
dermis. The boundary between MSM macules and 
the skin in close vicinity is sharply delimited. 

 Since UV light penetrates less deeply into the 
skin than visible light, it is considered that both the 
regular UV photography and the ULEV method 
mainly catch the intraepidermal pigmentation. 
Thus, melanin located in the dermis is not detected 
using these methods. Therefore, a clear distinction 
is made using ULEV between enhanced melanotic 
hypermelanosis and any dermal melanoderma. 
Such distinction is useful because the former type 
is accessible to depigmenting treatments, while 
the latter type is unresponsive and persists as a 
melanin tattoo. These two conditions coexist for 
instance in facial melasma. 

 Several MSM patterns were identifi ed [ 8 – 13 ]. 
They are listed in Table  2.1 . Spotty perifollicular 
dots are commonly seen on the scalp and face 
(Fig.  2.1 ), occasionally extending to other sebor-
rheic regions [ 8 ,  11 – 14 ]. This physiologic peri-
follicular pattern is recognized as early as during 
adolescence, and it does not seem altered by 
aging. By contrast, the interfollicular area exhib-
its a combination of pinpoint lesions, small mac-
ules, and globular macules [ 8 ]. Such a pattern 
appears during adult life and is subject to varia-
tions with cumulative photoexposures and aging. 
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These discrete hypermelanotic blemishes pro-
gressively coalesce, and they appear more promi-
nent on chronically sun-exposed skin. This aspect 
is regarded as an early sign of photoaging [ 9 ,  11 , 
 15 ,  16 ]. Still another MSM aspect corresponds to 
the streaky pattern elongated along wrinkles [ 8 ]. 
This aspect is typically present on the sunny-side 
slope of facial frown lines [ 8 ].

    Hypochromic spots associated with MSM 
(Fig.  2.2 ) are possibly present in genetic disor-
ders of pigmentation [ 17 ] and in ethnic darker 

skin [ 18 ]. They also develop on chronically 
UV-exposed skin such as in worshipers of recre-
ational sunbeds [ 19 ].

2.4        Assessment of Whitening 
Agents 

 The ULEV method is employed for assessing the 
effi cacy of cosmetic whitening products [ 8 ,  20 – 24 ]. 
Computerized image analysis of the pictures 
offers objective quantifi cation of the depigment-
ing effect on the epidermal melanin units. The 
method was applied for assessing “brown spots” 
corresponding to solar lentigines or incipient pig-
mented seborrheic keratoses [ 20 – 22 ]. Such evalu-
ations are more easily handled than the bleaching 
effect on melasma [ 22 ]. Using the ULEV method, 
the observed effects of whitening agents cannot 
be distinguished according to the putative bio-
logic effects on tyrosinase, protease- activated 
receptor-2, or any other step of melanization. 

 Beyond conventional cosmetic whitening 
agents, some drugs alter the activity of the epi-
dermal melanin units. Both topical  corticosteroids 
and vitamin D analogues decrease the MSM 
severity as assessed by the ULEV method [ 16 ].  

2.5     Skin Surface Microrelief 
and Scaliness 

 Any ULEV quantitative assessment of the skin 
surface microrelief is of interest in evaluating 
some therapeutic and cosmetic interventions, as 
well as for the determination of the severity in 
irritation damages to the skin. Indeed, any mea-
surement where skin is optically monitored using 
an image digitalization process without any sam-
pling or replica collection represents a techno-
logical advance [ 25 – 27 ]. The regular observation 
of ULEV pictures reveals any hyperkeratotic and 
scaly aspects of the skin surface (Fig.  2.3 ). The 
lesions look whitish contrasting with the gray 
aspect of the normal-looking skin [ 25 – 27 ].

   UVA emitted by the Visioscan® VC98 clearly 
highlights desquamation in vivo. A semiquantitative 
assessment is possible, but the data interpretation is 

   Table 2.1    Patterns of subclinical skin mottling   

 Pinpoint: minute irregularly distributed darker spots 
 Follicular dots: speckled perifollicular darker rings 
 Small macules: small interfollicular darker areas 
 Globular macules: accretive and circinate confl uence of 
smaller macules 
 Streaky macules: elongated darker areas along wrinkles 
 Confl uent macules: massive darker areas 

  Fig. 2.1    Spotty perifollicular MSM on the scalp       

  Fig. 2.2    Hypopigmented spot in an area showing darker 
MSM spots       
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not always straightforward. For improving this 
assessment using the Visioscan® VC98, sampling 
the SC can be performed using transparent sticky 
Corneofi x® F20 tapes (C + K electronic). After 
slightly pressing the sampling tape onto the skin 
surface, the superfi cial corneocytes adhere to the 
tape and are harvested for the assessment of their 
numbers and sizes. As the light is absorbed differ-
ently due to the different thickness of corneocyte 
clumps, they appear as darker pixels in the image. 
A quantitative assessment is performed looking at 
the gray level distribution in the histogram. The 
regular Visioscan® software distinguishes fi ve scal-
iness levels. The drawback of this automatic cut-
ting is that the shutter does not properly recognize 
the background in some images. In these instances, 
the observer can set the shutter manually by com-
paring the original and the segmented images with 
a 0.1 % accuracy. Under ULEV examination, dan-
druff appears as small white objects dispersed 
along hair shafts [ 28 – 30 ]. Due to the high contrast 
with hair, a quantitative assessment is made possi-
ble without any specifi c sampling procedure. 

 The SELS method represents another quanti-
tative assessment of the skin roughness [ 31 ].  

2.6     Comedogenesis 

 At the hair follicle openings at the skin surface, 
microcomedones and keratin-fi lled funnel-like 
acroinfundibula are easily identifi ed using ULEV 

examination. The method proved to be useful in 
the assessment of comedogenic and comedolytic 
compounds. In addition, acne physiopathology is 
highlighted by this method [ 32 ]. 

 Cancer patients under targeted chemotherapy to 
the epidermal growth factor receptor (EGFR) fre-
quently suffer from unusual skin adverse events. 
The Visioscan® camera revealed specular light 
refl ectance at the site of follicular plugging [ 33 ]. 
The interfollicular stratum corneum showed occa-
sional focal hyperkeratosis. These features increased 
in severity with the duration of the EGFR inhibitor 
treatment, indicating follicular involvement as an 
early adverse event of the therapy. EGFR inhibitor-
induced kerosis (follicular hyperkeratosis) is likely 
responsible for acneiform reactions.  

2.7     Sebum Excretion 

 Sebum fl ow dynamics can be assessed using 
lipid-sensitive fi lms [ 34 ]. The assessment bene-
fi ts from image analysis of the sebum-enriched 
spots. The Visioscan® VC98 camera is conve-
niently used for that purpose [ 32 ]. The camera is 
covered by the opaque microporous lipid- 
sensitive Sebufi x® F16 foil (C + K electronic) 
before application onto the skin. After about 30 s, 
the mean instant sebum follicular output (SFO) 
corresponding onto the area of the transparent 
spots of lipid droplets is assessed using comput-
erized image analysis. The face of the Sebufi x® F 
16 in contact with the skin is glue-free. Thus, 
sebum fi lls in the micropores of the sebum- 
sensitive foil without any restriction (Fig.  2.4 ). 
This leads to a short measuring time after which 
the foil is ready to be evaluated. This requirement 
is important in order to avoid any artifactual 
occlusion effect. Indeed, occlusion leads to the 
stratum corneum swelling and to the increased 
skin temperature infl uencing the sebum fl ow.

   The more oily the skin, the shorter collecting 
time is necessary. Assessments performed any 
time after cleansing the skin is thus possible. The 
lipid-sensitive fi lm is lightly present but con-
stantly on the skin leading to reproducible mea-
surements. The special foil typically measures 
the sebum output from the follicular reservoir. 

  Fig. 2.3    Scaly stratum corneum showing bright white 
refl ectance       
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With this procedure, the sebum output at the skin 
surface can be monitored live in real time.  

2.8     Hair Graying 

 The loss of melanin content in the hair shaft is a 
natural manifestation of aging leading to hair gray-
ing. Such phenomenon can be observed as early as 
20 years of age in Caucasians and about 30 years in 
Africans; it has been reported that on average, in a 
cohort of Caucasians, 50 % of people had at least 
50 % gray hair when reaching 50 years old [ 35 ]. The 
biologic processes underlying hair graying remain 
unclear [ 36 ]. In addition, the process of hair graying 
is diffi cult to assess and quantify in vivo. The ULEV 
method highlights this physiologic phenomenon by 
enhancing the contrast between graying hair appear-
ing bright white and the other hair shafts.  

2.9     Trichobacteriosis 

 Some bacterial species tend to clump along hair 
shafts, particularly in the axillae. They are embed-
ded in a biofi lm. This condition corresponds to 
trichobacteriosis formerly called trichomycosis. 
The ULEV method is a convenient way to observe 
these structures appearing as bright white sheaths 
encasing the base of the hair shafts. This aspect is 
probably related to the fl uorescence emitted by 
trichobacteriosis under Wood’s light. A similar 
phenomenon can occur at the site of other fl uores-
cent lesions such as erythrasma and pityriasis 
(tinea) versicolor.  

2.10     Risk Assessment of Skin 
Cancers 

 A correlation was found between MSM severity 
and the risk for developing actinic keratoses and 
basal cell carcinomas on facial skin and the scalp 
[ 37 – 42 ]. A peculiar aspect corresponds to focal 
depigmentation suggesting the destruction of 
some epidermal melanin units. Such fi nding 
could help identifying in early adult life subjects 
at risk of skin cancers.  

2.11     Xenobiotic Deposits 
onto the Skin 

 Some exogenous compounds adhering to the 
stratum corneum are conveniently observed using 
the Visioscan® VC98. For instance, the antiper-
spirant aluminum hydroxychloride shows pecu-
liar patterns of deposits at the skin surface [ 43 ].  

    Conclusion 

 UVA photography and its more recent devel-
opment using a CCD camera equipped with an 
internal UVA-emitting unit are useful by dif-
ferent aspects. The MSM revealed by the 
ULEV method is possibly the earliest clinical 
manifestation of photoaging. In addition, the 
same method highlights scaliness and desqua-
mation as well as a series of other specifi c 
conditions at the skin surface.     
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3.1            Technique 

 OCT is an interferometric imaging method. 
Infrared light is coupled into optical fi bers and 
split into a reference and a probe beam. The 
probe beam is focused onto the skin, backscat-
tered, and compared with the reference beam. 
Interference occurs only if both beams match 
within the coherence length of the light. The 
coherence length therefore determines the axial 
resolution, whereas the lateral resolution depends 
on the focusing objective [ 13 ]. 

 For OCT, broadband light sources are used to 
provide a high axial resolution, because the spec-
tral bandwidth is indirectly proportional to the 
depth resolution. The wavelength infl uences the 
depth penetration of the light and is dependent on 
the scattering and absorption properties of the 
sample. A higher wavelength in the range of 
1,300 nm provides a deeper detection depth com-
pared to 930 nm, but a lower axial resolution [ 6 ]. 

 The sensitivity of an OCT system describes 
the signal-to-noise ratio, i.e., the weakest signal 
backscattered that can be distinguished from 
noise. Sensitivities above 100 dB can be achieved. 
Analogous to ultrasound, a single-depth profi le is 
called A-scan. By lateral and depth scanning, 
two-dimensional B-scans and three-dimensional 
blocks of the tissue can be imaged. 

 The interference can be detected by a time- 
domain technique, using a scanning reference 
mirror to detect the refl ectivity profi le along 
depth. Another technique to measure interference 
is the frequency- or spectral-domain OCT, in 
which the entire spectrum is analyzed with respect 
to a static reference mirror, resulting in increased 
sensitivity and image acquisition speed. An 
inverse Fourier transformation is applied to recon-
struct the sample depth scattering profi le. In so-
called swept-source OCT systems, a narrow 
linewidth swept laser is used for scanning, with 
the width of the sweep analogous to the band-
width of the light source. 

 In time-domain OCT, the image acquisition 
time with respect to the scan rate depends on the 
variation speed of the reference mirror, whereas in 
frequency-domain OCT, it is a function of the 
camera speed in the detection spectrometer or of 
the rate of sweep of the laser. The fi eld of view of 
the OCT systems depends on the design of scan-
ning and focusing. Lateral image dimensions up to 
10 mm have been reached. The depth depends on 
the light source and detector system and is about 
1–2 mm in skin. Three-dimensional images can be 
reconstructed within some seconds [ 1 ,  5 ,  16 ]. 

 With these specifi cations, OCT allows detect-
ing architectural details of the skin but lacks the 
resolution of single cells. 

 There are several different systems available 
for skin imaging. 

 The OCT system Callisto (Thorlabs AG, 
Luebeck, Germany) is a frequency-domain OCT 
system. Working at 930 nm, the axial resolution 
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is about 5 μm in skin, the depth is about 1.6 mm, 
and the fi eld of view 10 mm × 10 mm. 

 Michelson Diagnostics Ltd. (Orpington, UK) 
provides a swept-source frequency-domain OCT 
system VivoSight, working at 1,305 nm. Multiple 
beams focusing at different depth within the 
probe enhance the lateral resolution to smaller 
than 7.5 μm. The axial resolution is better than 
10 μm. The fi eld of view is 6 × 6 mm, and the 
depth is about 1.5–2 mm. 

 AGFA HealthCare (Belgium) constructed a 
time-domain OCT system SKINTELL, which 
provides three-dimensional images of 1.8 mm × 
1.5 mm and a penetration depth of less than 1 mm. 
Cross-sectional as well as en face images are 

taken simultaneously. Continuous focus tracking 
provides a high lateral resolution of about 3 μm, 
meaning that the coherence plane and the focal 
plane are always in the same depth position by 
moving the optics synchronously with the refer-
ence arm. For this system, application of a gel for 
index matching is recommended.  

3.2     Healthy Skin 

 The layered structure of healthy skin is clearly 
visible in OCT. At the palms and soles, the thick 
stratum corneum is the fi rst wavy, signal poor 
layer (Fig.  3.1 ). At the other anatomical sites, the 
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  Fig. 3.1    Healthy skin at the fi ngertip, comparison of the 
OCT systems: ( a ) Callisto (4 mm × 1.9 mm, bar 0.5 mm), 
( b ) VivoSight (6 mm × 2 mm, bar 0.5 mm), ( c ) VivoSight 
(2 mm × 2 mm horizontal plane), ( d ) SKINTELL (1.8 mm 

× 0.61 mm cross-sectional image, bar 0.5 mm), and 
( e ) SKINTELL (1.8 mm × 1.5 mm horizontal plane). The 
fi rst wavy layer is the thick stratum corneum with spiral 
sweat gland ducts inside       
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stratum corneum is much thinner and therefore 
only detectable as a splitting of the entrance sig-
nal into two lines. The epidermis is slightly more 
signal intense. The border to the dermis, the so- 
called dermoepidermal junction, and the stratum 
papillare of the dermis are signal poor, whereas 
the reticular dermis is more signal intense. Blood 
as well as lymphatic vessels are signal-free round 
or longish structures within the dermis and are 
compressible. Hair follicles are signal poor, too, 
and go into the skin at an angle, whereas hairs are 
signal rich and often cause a signal shadow below 
(Fig.  3.2 ) [ 8 ,  12 ,  24 ,  26 ,  29 – 31 ].

    Nail plates appear as well demarcated struc-
tures, sometimes with signal-rich parallel layers, 
in other cases with a granular pattern (Fig.  3.3 ) 
[ 28 ]. Leukonychia as well as onychomycosis 
leads to signal-rich artifacts [ 27 ].

   Due to these differences in scattering, thick-
nesses of layers and scattering coeffi cients can be 
measured by OCT, allowing a quantifi cation of 
acanthosis, atrophy, or edema [ 2 ,  4 ,  9 ,  18 ,  33 ]. 

 There are several studies on treatment effects 
like UV irradiation [ 7 ,  22 ], wound healing [ 3 ], 

steroid atrophy, and nail hydration where OCT 
demonstrates its value for monitoring and quanti-
fi cation of changes.  

3.3     Skin Tumors 

 Epithelial skin tumors are in most cases clearly 
detectable in OCT. Actinic keratoses show a 
thickening and stronger scattering of the stratum 
corneum due to parakeratosis. The epidermis is 
thickened, but the border to the dermis is still 
detectable [ 14 ] (Fig.  3.4 ). In contrast, squamous 
cell carcinoma shows an infi ltration into the der-
mis, leading to a disappearing of the dark line 
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  Fig. 3.2    Healthy skin at the forearm, comparison of the 
OCT systems: ( a ) Callisto (4 mm × 1.9 mm, bar 0.5 mm), 
( b ) VivoSight (6 mm × 2 mm, bar 0.5 mm), ( c ) SKINTELL 
(1.8 mm × 0.6 mm cross-sectional image, bar 0.5 mm), 

and ( d ) SKINTELL (1.8 mm × 1.5 mm horizontal 
plane). The fi rst layer is the epidermis. An  arrow  points 
to the border to the dermis. A  star  marks a hair 
follicle       

  Fig. 3.3    Nail plate and matrix region (Callisto, 6 mm × 
1.9 mm, bar 1 mm)       
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representing the dermoepidermal junction. In 
cases of severe hyperkeratosis, a signal shadow 
hides the tumor below. Basal cell carcinomas are 
characterized by tumor conglomerates with a 
similar signal intensity compared to the epider-
mis. Superfi cial tumor nests derive from the epi-
dermis (Fig.  3.5 ), whereas deeper parts of the 
tumor are sharply demarcated from the dermis by 
a dark line representing the surrounding fi brous 
stroma (Fig.  3.6 ). The tumor is accompanied by 
enlarged blood vessels [ 11 ,  19 ,  20 ,  23 ].

     Pigmented lesions result in an irregular scatter-
ing due to melanin. The dermoepidermal junction 
often disappears in melanomas because of the 
infi ltrative growth (Fig.  3.7 ). The junction is still 
visible in junctional nevi, together with an acanto-
papillomatosis, but disappears in  compound nevi, 

too. There are no currently  understood character-
istic or specifi c features in OCT to distinguish 
between benign nevi and malignant melanomas 
[ 10 ]. Therefore, OCT is not currently suitable for 
diagnosing pigmented lesions. In thin melano-
mas, OCT allows a determination of the tumor 
thickness, because the scattering inside the tumor 
differs from the surrounding collagen. Therefore, 
the lower border is detectable.

   Systematic studies on other skin tumors are 
still lacking.  

3.4     Infl ammatory Skin Diseases 

 Psoriasis (Fig.  3.8 ) as well as eczema shows a 
thickening of the stratum corneum and the epider-
mis. Infl ammatory infi ltration and edema in the 
dermis lead to a lower scattering. The blood ves-
sels are dilated [ 21 ,  32 ]. In Darier’s disease, the 
acantholytic papules are visible using OCT. In bul-
lous autoimmune diseases like bullous pemphi-
goid or pemphigus, OCT enables a location of the 

  Fig. 3.5    Superfi cial basal cell carcinoma at the chest 
(VivoSight, 6 mm × 2 mm, bar 1 mm). An  arrow  marks 
the tumor proliferates deriving from the epidermis. Hairs 
( star ) cause signal shadows       

  Fig. 3.6    Nodular-cystic basal cell carcinoma at the back 
(VivoSight, 6 mm × 2 mm, bar 1 mm)       

  Fig. 3.7    Malignant melanoma at the back (VivoSight, 
6 mm × 2 mm, bar 1 mm). An  arrow  points to the lower 
border of the lesion       

a

b

  Fig. 3.8    Psoriasis at the dorsum of the middle fi nger ( a ) 
compared to healthy skin at the opposite middle  fi nger ( b ). 
The stratum corneum is thickened and shows bright spots 
( arrow ) corresponding to parakeratosis (VivoSight, 6 mm 
× 2 mm, bar 1 mm)       

  Fig. 3.4    Actinic keratosis at the head (Callisto, 4 mm × 
1.9 mm, bar 1 mm). The stratum corneum is thickened 
with bright parallel lines. The border between epidermis 
and dermis is still visible ( arrow )       

 

 

 

 

 

J. Welzel



39

depth of blistering – intra- or subepidermal [ 17 ]. 
The changes in infl ammatory skin diseases can be 
quantifi ed using OCT by  measuring the thickness 
of layers and the signal attenuation coeffi cient.

3.5        Other Skin Diseases 

 Scabies mites are visible in OCT as signal strong 
structures below the stratum corneum with a bur-
row behind. In porokeratosis, the cornoid lamel-
lae are typical features in OCT images. In 
onychomycosis, the nail plate exhibits several 
white lines and longish structures. These changes 
are very sensitive for fungal infection, but the 
specifi city is too low for using this method as a 
native diagnostic tool in onychomycosis [ 27 ].  

    Conclusion 

 The diagnosis of basal cell carcinoma is the 
domain of OCT. The technique enables a fast 
and reliable detection of the tumor together 
with an assessment of the infi ltration depth and 
the lateral dimensions. The features of superfi -
cial basal cell carcinomas in OCT are very 
typical, allowing differentiation of this entity 
from clinically similar lesions like Bowen’s 
disease or psoriasis plaques. Especially when 
treating basal cell carcinomas with nonsurgical 
procedures like imiquimod or photodynamic 
therapy, OCT is helpful to avoid repetitive 
biopsies and to control the effi cacy. 

 In actinic keratoses and squamous cell car-
cinoma, OCT allows an estimation of infi ltra-
tive growth as well as enabling monitoring 
after treatment. 

 In infl ammatory skin diseases, OCT is a 
suitable tool for quantifi cation and monitoring 
over time and under therapy. 

 OCT has the potential to become wide-
spread as a complimentary tool to histology, 
dermoscopy, and confocal laser microscopy in 
general clinical practice. It will become 
increasingly important, as dermatology is 
increasingly reliant on nonsurgical techniques. 
OCT can be combined with other optical tech-
niques like multiphoton tomography or Raman 

spectroscopy to get both overview and cellular 
resolution or functional information together 
with depth resolution [ 15 ,  25 ].     

   References 

       1.    Alex A, Považay B, Hofer B et al (2010) Multispectral 
in vivo three-dimensional optical coherence tomogra-
phy of human skin. J Biomed Opt 15:026025–
026015  

    2.    Bechara FG, Gambichler T, Stücker M et al (2004) 
Histomorphologic correlation with routine histology 
and optical coherence tomography. Skin Res Technol 
10:169–173  

    3.    Cobb MJ, Chen Y, Underwood RA, Usui ML, Olerud 
J, Li X (2010) Non-invasive assessment of cutaneous 
wound healing using ultrahigh-resolution optical 
coherence tomography. J Biomed Opt 11:064002  

    4.    Coßmann M, Welzel J (2006) Evaluation of the atro-
phogenic potential of different glucocorticoids using 
optical coherence tomography, 20-MHz ultrasound 
and profi lometry; a double-blind, placebo-controlled 
trial. Br J Dermatol 155:700–706  

    5.    De Boer JF, Cense B, Park BH, Pierce MC, Tearney 
GJ, Bouma BE (2003) Improved signal-to-noise ratio 
in spectral-domain compared to time-domain optical 
coherence tomography. Opt Lett 28:2067–2069  

    6.    Drexler W (2004) Ultrahigh-resolution optical coher-
ence tomography. J Biomed Opt 9:47–74  

    7.    Gambichler T, Boms S, Stücker M, Moussa G, 
Kreuter A, Sand M, Sand D, Altmeyer P, Hoffmann K 
(2005) Acute skin alterations following ultraviolet 
radiation investigated by optical coherence tomogra-
phy and histology. Arch Dermatol Res 297:218–225  

    8.    Gambichler T, Moussa G, Sand M, Sand D, Altmeyer 
P, Hoffmann K (2005) Applications of optical coher-
ence tomography in dermatology. J Dermatol Sci 
40:85–94  

    9.    Gambichler T, Matip R, Moussa G, Altmeyer P, 
Hoffmann K (2006) In vivo data of epidermal thick-
ness evaluated by optical coherence tomography: 
effects of age, gender, skin type, and anatomic site. 
J Dermatol Sci 44:145–152  

    10.    Gambichler T, Regeniter P, Bechara FG, Orlikov A, 
Vasa R, Moussa G, Stücker M, Altmeyer P, Hoffmann K 
(2007) Characterization of benign and malignant mela-
nocytic skin lesions using optical coherence tomogra-
phy in vivo. J Am Acad Dermatol 57:629–637  

    11.    Gambichler T, Orlikov A, Vasa R et al (2007) In vivo 
optical coherence tomography of basal cell carci-
noma. J Dermatol Sci 45:167–173  

    12.    Gambichler T, Jaedicke V, Terras S (2011) Optical 
coherence tomography in dermatology: technical and 
clinical aspects. Arch Dermatol Res 303:457–473  

    13.    Huang D, Swanson EA, Lin CP, Shuman JS, Stinson 
WG, Chang W et al (1991) Optical coherence tomog-
raphy. Science 254:1178–1181  

3 Optical Coherence Tomography



40

    14.    Korde VR, Garret TB, Wei X et al (2007) Using opti-
cal coherence tomography to evaluate skin sun dam-
age and precancer. Lasers Surg Med 39:687–695  

    15.    König K, Speicher M, Bückle R, Reckfort J, 
McKenzie G, Welzel J, Köhler MJ, Elsner P, Kaatz M 
(2009) Clinical optical coherence tomography com-
bined with multiphoton tomography of patients with 
skin diseases. J Biophotonics 2:389–397  

    16.    Leitgeb R, Hitzenberger C, Fercher A (2003) 
Performance of fourier domain vs. time domain opti-
cal coherence tomography. Opt Express 11:889–894  

    17.    Mogensen M, Morsy HA, Nurnberg BM, Jemec GB 
(2008) Optical coherence tomography imaging of bul-
lous diseases. J Eur Acad Dermatol Venereol 22:
1458–1464  

    18.    Mogensen M, Morsy HA, Thrane L, Jemec GB (2008) 
Morphology and epidermal thickness of normal skin 
imaged by optical coherence tomography. Dermatology 
217:14–20  

    19.    Mogensen M, Joergensen TM, Nürnberg BM, Morsy 
HA, Thomsen JB, Thrane L, Jemec GB (2009) 
Assessment of optical coherence tomography imaging 
in the diagnosis of non-melanoma skin cancer and 
benign lesions versus normal skin: observer-blinded 
evaluation by dermatologists and pathologists. Dermatol 
Surg 35:965–972  

    20.    Mogensen M, Nürnberg BM, Forman JL, Thomsen 
JB, Thrane L, Jemec GBE (2009) In vivo thickness 
measurement of basal cell carcinoma and actinic kera-
tosis with optical coherence tomography and 20-MHz 
ultrasound. Br J Dermatol 160:1026–1033  

    21.    Morsy H, Kamp S, Thrane L, Behrendt N, Zayan H, 
Elmagid EA, Jemec GBE (2010) Optical coherence 
tomography imaging of psoriasis vulgaris: correlation 
with histology and disease severity. Arch Dermatol Res 
302(2):105–111. doi:  10.1007/s00403-009-1000-4      

    22.    Neerken S, Lucassen GW, Bisschop MA et al (2004) 
Characterization of age-related effects in human skin: 
a comparative study that applies confocal laser scan-
ning microscopy and optical coherence tomography. 
J Biomed Opt 9:274–281  

    23.    Olmedo JM, Karen EW, Joseph MS, David LS (2007) 
Correlation of thickness 758 of basal cell carcinoma 
by optical coherence tomography in vivo and routine 
histologic fi ndings: a pilot study. Dermatol Surg 
33:421–426  

    24.    Pagnoni A, Knuettel A, Welker P et al (1999) Optical 
coherence tomography in dermatology. Skin Res 
Technol 5:83–87  

    25.    Patil CA, Bosschaart N, Keller MD, Van Leeuwen TG, 
Mahadevan-Jansen A (2008) Combined Raman spec-
troscopy and optical coherence tomography device for 
tissue characterization. Opt Lett 33:1135–1137  

    26.    Pierce MC, Strasswimmer J, Hyle Park B, Cense B, 
de Boer JF (2004) Advances in optical coherence 
tomography imaging for dermatology. J Invest 
Dermatol 123:458–463  

     27.    Rothmund G, Sattler E, Kästle R, Fischer C, Haas CJ, 
Starz H, Welzel J (2013) Confocal laser scanning 
microscopy as a new valuable tool in the diagnosis of 
onychomycosis – comparison of six diagnostic 
 methods. Mycoses 56(1):47–55  

    28.       Sattler E, Kaestle R, Rothmund G, Welzel J (2012) 
Confocal laser scanning microscopy, optical coher-
ence tomography and transonychial water loss for in 
vivo investigation of nails. Br J Dermatol 166(4):740–
746. doi:  10.1111/j.1365-2133.2011.10730.x      

    29.    Schmitt AM (2008) Principles and application of opti-
cal coherent tomography in dermatology. Dermatology 
217:12–13  

   30.    Welzel J, Lankenau E, Birngruber R, Engelhardt R 
(1997) Optical coherence tomography of the human 
skin. J Am Acad Dermatol 37:958–963  

    31.    Welzel J (2001) Optical coherence tomography in 
dermatology : a review. Skin Res Technol 7:1–9  

    32.    Welzel J, Bruhns M, Wolff HH (2003) Optical coher-
ence tomography in contact dermatitis and psoriasis. 
Arch Dermatol Res 295:50–55  

    33.    Welzel J, Reinhardt C, Lakenau E et al (2004) 
Changes in function and morphology of normal 
human skin: evaluation using optical coherence 
tomography. Br J Dermatol 150:220–225    

J. Welzel

http://dx.doi.org/10.1007/s00403-009-1000-4
http://dx.doi.org/10.1111/j.1365-2133.2011.10730.x


41E. Berardesca et al. (eds.), Non Invasive Diagnostic Techniques in Clinical Dermatology, 
DOI 10.1007/978-3-642-32109-2_4, © Springer Berlin Heidelberg 2014

4.1  Introduction

The introduction of three-dimensional surface 
scanning by active image triangulation allows for 
fast, non-invasive in vivo measurements of the 
skin’s surface. This offers significant advantages 
against classical methods, typically using sili-
cone replica for off-line evaluation. The quantita-
tive determination of skin surface topology, 
roughness as well as macrostructures like wrin-
kles or cellulite, is among the most important and 
probably most-frequently performed investiga-
tions in the field of cosmetics, and increasingly in 
dermatological research as well. A key technol-
ogy in these applications is phase-measuring 
fringe projection, as it combines precision with 
the fast acquisition necessary for in vivo mea-
surement. A wide range of new possibilities 
results from this, for example, in the field of cos-
metic and dermatological research. In the follow-
ing, we describe the technology, application 
aspects, results from dermatological research, 
and latest developments involving portable as 
well as large-scale scanning devices.

4.2  Technical Background

Currently, the PRIMOS system [1] 
(GFMesstechnik GmbH, Teltow, Germany) is 
in all probability one of the most widespread in 
vivo systems for determining skin topology. An 
important attribute of the PRIMOS system is a 
sophisticated digital projection device based on 
DMD technology. This chapter will concentrate 
on the technical background and the possibilities 
offered by the various PRIMOS devices currently 
available. Other instruments based on similar prin-
ciples include, for example, the FOITS system 
[2] (Breuckmann GmbH, Meersburg, Germany) 
or the SkinBio technologies skin profile solution 
(SkinBio Technologies, Cologne).

4.2.1  Active Image Triangulation

The principle of active triangulation by fringe 
projection is illustrated in Fig. 4.1. A fringe pro-
jector (in the actual device, a DMDTM projector 
based on a digital micro mirror display from 
Texas Instruments), casts patterns of parallel 
stripes onto a shaped object (lenses are omitted in 
this schematic figure for simplicity). The geomet-
ric parameters of the assembly (distance and 
 triangulation angle) cause a certain stripe s to 
appear at a camera pixel at a coordinate v, directly 
depending on the distance of the object pixel 
reflecting the same stripe.

The lateral resolution of the system is simply 
given by the camera resolution projected on the 
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object surface. The distance resolution ΔZ, as 
long as classical triangulation system is regarded, 
is given by a function of the projected pixel sizes 
of projector and camera and the triangulation 
angle. Other than the symmetric setup shown in 
Fig. 4.1, the PRIMOS system has a camera 
 looking perpendicular onto the surface (Fig. 4.2), 
and the  projection is done at an angle β relative to 
the perpendicular. For this configuration, Z reso-
lution can be calculated as ∆ ≈∆ ( )Z X / tan b  (with 
a lateral camera resolution ΔX). For common 
angles β of 20°…30°, this would return ΔZ about 
2–3 times larger than ΔX. Very large improve-
ments are achieved, however, using a projected 
pattern containing well-defined, continuous 
intensity gradients. In this case, each camera 
pixel delivers an intensity integral over its pro-
jected area on the object, allowing to determine 
the exact lateral position of the pattern 1–2 orders 
of magnitude more accurate. Z resolutions result-
ing can surpass lateral resolutions by a factor 10 
for a single camera pixel or even up to 50 when 
integrated over a surface area (Fig. 4.1).

A practical implementation of this principle 
uses stripe patterns with sine-shaped intensity 
gradients (often this is referred to as a cos2 pat-
tern, as this function characterizes a sine wave 
elevated by 1, with only positive values). As a 
single pattern of this kind does not result in 
exploitable gradients in all parts of the surface, 

several patterns “phase-shifted” by small angles 
are used, at least four of them in practice.

Stripe shifts in the camera plane (v coordinate) 
in this case are referred to as “phase shifts,” the 
stripe sequence with its sine wave gradient inter-
preted as an oscillation and the stripe distance as 
an angle of 2π. The phase values over the entire 
surface are referred to as a “phase map” and this 
essentially contains the height information.

The transformation from the phase map to the 
desired height map (incurring corrections result-
ing from the calibration process) is in principle 
straightforward and is specified by the system’s 
triangulation relations. For instance, transforma-
tions as known from two-beam interferometry [3] 
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can directly be applied. Distance (Z) values 
derived from a phase map are, however, relative, 
as phase values may complete several 2π cycles 
within the surface area. As long the surface is 
known not to contain gaps or steps, these parts 
can easily be assembled for a continuous – rela-
tive – height profile. For many life-science appli-
cations, e.g., skin roughness measurement or face 
or body shape recording, this can usually be con-
sidered as given, and there is no necessity for 
absolute distance measurement as well.

Otherwise, sequences of specially encoded 
binary patterns can be projected in addition to the 
phase patterns. This allows for a complete regis-
tration of any single camera pixel against accord-
ing projector pixels, hence, an unambiguous 
acquisition of even entirely fragmented surfaces, 
at the cost of a longer acquisition time. This 
option is available with all fringe projection sys-
tems but hardly necessary to use in biomedical 
applications.

In practice, four projected sine patterns are 
sufficient for such applications. With a projector 
and camera using the most common video frame 
rate of 60 Hz, this allows to take a full surface 
profile in 1/15 s, fast enough for in vivo 3D imag-
ing without extensive precautions. Exploiting the 
maximum projection frame rate of 180/s. speci-
fied, e.g., for the Alligator board by GFM, would 
even enable a 3D acquisition time of only 1/50 s.

In actual practice, tolerances in the physical 
parameters of the triangulation system, as well as 
unavoidable distortions resulting from the lenses, 
have to be considered in the transformation.

For this reason, calibration algorithms have 
been developed, using an idealized mathematical 
model of the system including optics, and devia-
tion parameters corresponding to that model are 
retrieved by several recordings of test bodies 
(typically, planes, step, and grid standards). The 
parameters are calculated for minimum least 
square errors of both lateral and Z linearity.

4.2.2  Digital Micromirror Device 
(DMDTM)

The accuracy of the phase-measuring triangula-
tion approach depends on the correctness of the 
projected intensity pattern. Digital mirror dis-

plays (DMD) allow for a very accurate projec-
tion and deliver high light intensities important 
for low noise figures and tolerance against ambi-
ent light. A typical DMD consists of an array of 
1,024 × 768 quadratic 16 × 16 μm2 mirrors that 
can be individually tilted to plus or minus 10° 
from the horizontal. The entire mirror array is 
manufactured from a perfectly pure, monocrys-
talline silicon wafer by a complex semiconduc-
tor manufacturing process of up to 43 process 
steps. Both the mirror micro system structures 
including hinge and suspension parts, as well a 
CMOS driving circuitry in the underlying wafer 
surface are produced using nothing but masking, 
etching, and doping techniques. The resulting 
mirror array is very even and free of irregulari-
ties. The silicon surface is turned into a highly 
reflective mirror by vapor deployed aluminum. 
Tilting of the individual mirrors is achieved by 
electrostatic force according to electric surface 
voltage provided by the CMOS circuitry, which 
works similar to a static RAM (random access 
memory) and provides fast writing capabilities 
for entire display patterns. Basically, the mirrors 
only allow to switch between full intensity (on) 
and zero (off). Gray levels are achieved digitally 
by pulse width modulation (PWM). The typical 
switching time of 5 μs, compared to the typical 
duration of a projected image frame of 17 ms 
(60 Hz frame rate), results in an excellent linear-
ity of the produced gray levels. Altogether, the 
purely mechanical image formation combined 
with digital modulation results in a high stability 
of all parameters, comparable to classical 
mechanical and optical components. DMD also 
are among the most durable – if not the most 
durable – of any display types.

4.2.3  In Vivo Topometry

The optical system allows us to measure an entire 
area at once, and without any contact to the skin. 
This constitutes a particular advantage over other 
methods. Measuring skin or body areas on living 
persons, however, necessitates a recording pro-
cess as fast as possible, as the persons will inevi-
tably move and any attempts to avoid this – by 
mechanical supports, rests, fixations, etc. – nor-
mally result in an occlusions of parts of the areas 
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to be recorded. The different PRIMOS setups 
discussed in the next section are addressing this 
issue in several ways.

4.2.4  PRIMOS Systems

The PRIMOS systems by GFM implement the 
aforementioned 3D recording techniques for life- 
science applications. Various systems with differ-
ent specifications are available for a wide range 
of requirements. Typical wrinkle measurement 
systems have fields of view ranging from 18 × 13 
to 40 × 30 mm, with typical vertical resolutions 
between 2 and 5 μm. Using 4–8 phase shifts 
according to applications, results in acquisition 
times of 68–136 ms.

4.3  Illumination

While earlier types of instruments relied on halo-
gen cold-light sources, currently all types have 
LED (light emitting diodes), contained in the 
measuring heads themselves. This saves weight, 
thermal dissipation and power, and eliminates the 
necessity for occasional lamp replacements.

LEDs are available in different – relatively pure 
– colors or white tones. For biomedical applica-
tions, white light is usually preferred. The record-
ing cameras are black-and-white, as this best suit 
the requirements of fringe projection measure-
ment. Studies involving skin surface, however, will 
often profit from a documentation of skin color, in 
addition to profile. PRIMOS sensors can provide 
this: they record three additional images with red, 
green, and blue illumination in addition to the 3D 
scanning sequences and these are combined to a 
true color image. This is possible because the pro-
jectors provide full color, either by means of a 
color filter wheel or with the new pico DMD – 
using three separate LED sources of red, green, 
and blue, combining into white for the fringe mea-
surements. Color images retained with the separate 
color method are of high quality. They can be 
added to the measured 3D data as a surface texture, 
enabling a realistic on-screen examination.

4.4  Practical Experiences and 
Quality Aspects of PRIMOS 
Measurements

Fringe projection technology has meanwhile 
become a common method for precise quantifica-
tion of skin surface in the cosmetics industry. A 
topic of particular importance is the measure-
ment of eye wrinkles. An especially designed 
support tripod enables a reproducible positioning 
of the test person. With the recording of PRIMOS 
measurements in the eye wrinkle area, a number 
of aspects have to be considered. The quality of 
measurement achieved is decisive for a correct 
analysis and quantification of the 3D data. In the 
following, we will discuss four crucial aspects to 
be considered during measurements:
 1. Achieving a smallest possible height range in 

the primary images
 2. Identification of motion artifacts
 3. Identification of mimics differences between 

images
 4. Avoidance of hair artifacts

4.4.1  Achieving a Smallest Possible 
Height Range in the Primary 
Image

Anatomic curvature in the eye wrinkle area can 
lead to large height differences in the unfiltered 
primary image. This should be adjusted for by an 
appropriate positioning of the measurement sys-
tem, which offers the degrees of freedom required 
for a positioning resulting in a smallest possible 
height range in the image area (Fig. 4.3). At rep-
etition measurements, the system should be 
adjusted to approximately the same positioning, 
as otherwise, deviations in area roughness as well 
as volume parameters of up to 10 % could occur. 
Figures 4.4 and 4.5 show a comparison of good 
and bad primary images. Figures 4.6 and 4.7 
show the same images after a flattening of the 
large area curvature, revealing lots more detail in 
small-scale height differences that cannot be seen 
in the primary images (which are spanning a 
much larger height range by their gray values).
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4.4.2  Identification of Motion 
Artifacts

Deviations similar to the above mentioned can 
occur during a measurement if the test person 
moves the head or twinkles with the eyes. Such 
problems are best identified by parallel fringe pat-
terns they produce in the high-pass filtered height 
images. Figure 4.8 shows a comparison of images 
with and without motion artifacts. The fringe pat-
terns resulting are most obvious in the color-
coded height images (most relevant are parallel 
vertical line patterns observed here) (Fig. 4.9).

4.4.3  Identification of Mimics 
Differences

Another important aspect for a decent quality 
measurement is the control of face mimics. 
Figure 4.10 shows the difference in the dis-
tances between wrinkles in the two scans (red 
arrows).

This difference inevitably causes different for-
mations of the wrinkles and, hence, changed 
roughness parameters and volumina. This cannot 
be compensated even by a subsequent matching 
of the images.

4.4.4  Avoiding Hair Artifacts

For precise measurements, the skin area should 
be free of hairs. An established best practice is 
the removal of hairs using an eyebrow trimmer, 
preceding each measurement. The PRIMOS 
measuring method also offers the possibility of 
digital hair removal after the scan. This, however, 
inevitably also removes a few data (spots covered 
by individual hairs) and results in a lower sensi-
tivity of the measurement. Figure 4.11 shows the 
effect of shaving, while Fig. 4.12 shows the effect 
of digital hair removal.Fig. 4.3 Fringe projection in the eye wrinkle area

Fig. 4.4 Good primary 
image (gray-coded height 
values)
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Fig. 4.5 Bad primary image

Fig. 4.6 High-pass filtered 
good primary image

4.5  Handling Aspects

As with any sophisticated measuring device, 
working with the different PRIMOS systems 
necessitates a certain amount of accurateness 
and training. One aspect concerns in choosing 
a sensible test arrangement. Forcing test per-
sons to unnatural postures inevitably results in 
 muscular tremor – very adverse with measure-
ment of structures in the micron range – and 
 deformations of measured areas. With a relaxed 

posture, body motion and distortions are greatly 
reduced. Evidently, a solid stand with a highly 
reproducible positioning construction and suf-
ficient degrees of freedom is necessary for this. 
Figure 4.2 shows a typical arrangement for 
 measuring wrinkles in the corner of the eye.

Carrying out series of experiments, involving 
exact comparisons of even small differences for 
achieving reliable and reproducible result, necessi-
tates an exact re-identification and readjustment of 
measured areas, even after longer periods of time.
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For this purpose, the PRIMOS system offers a 
video overlay function that proved to be quite 
helpful. It works by overlaying the actual camera 
with a previous scan image and allows for a very 
accurate matching once the operator has acquired 
sufficient practice.

An important point worth mentioning is the 
immediate checking for data quality. There are 
more parameters to watch with a 3D recording 
system than there are with a conventional camera. 
The device allows for an immediate checking for 
motion artifacts, defocus, under-/overexposure, 

Fig. 4.7 High-pass filtered 
bad primary image

Fig. 4.8 Height images without (left) and with motion artifacts (right), height values as gray (top) and color coded
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Fig. 4.9 More height images without (left) and with motion artifacts (right), height values as gray and color coded

Fig. 4.10 Wrinkle distances changed by mimics

Fig. 4.11 Filtered height image with hairs (left) and filtered height image with hairs shaved (right)

S. Jaspers and C. Benderoth
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and other possible problems. Given the short 
scanning times of a few seconds including data 
processing, the measurement can then simply be 
repeated.

With skin roughness measurement in particu-
lar, focus is of major importance. The 
triangulation- based system allows for a basic dis-
tance check by centering a projected crosshair. 
This, however, does not cover the entire record-
ing area. Moreover, camera contrast with skin 
measurement may be relatively low and judging 
crispness by surface detail is very difficult. We 
therefore conceived a new focusing aid that was 
implemented by the manufacturer. It adds to the 
crosshair four small projected marks in the cor-
ners of the image. Using this technique, signifi-
cant improvements were achieved in exploiting 
the depth-of-focus range.

If this is still not sufficient, patterns of subse-
quently narrower, static stripe patterns can be 

projected. This is a bit less quick but allows to 
judge all points on the area at once.

4.6  Data Analysis

4.6.1  ISO Standard Parameters

Classical surface parameters are defined in ISO 
4287. These parameters were originally devel-
oped for mechanical (tactile) measuring systems 
and are defined for a section line on a surface. 
This limitation to line dimension was caused by 
mechanical constraints (scanning an entire sur-
face with a tactile device takes a long time and 
the wear on the expensive test pins is consider-
able). Inevitably, some of the rules and proce-
dures involved are not entirely reasonable, or 
even applicable, for modern optical topometry 
systems, partly because of the entirely different 
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Fig. 4.12 Filtered height image with hairs (left) and filtered height image with hairs digitally removed (right) (GFM)
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physical principle of the scanning process and 
also – most important – because of the limitation 
to one dimension and, hence, very small fractions 
of a surface. We will give a short overview of the 
use of the classical parameters and then carry on 
regarding such parameters as are more adequate 
with optical systems.

Principally, line parameters are classified as 
form, waviness, and surface roughness. Filter 
algorithms separating low- and high-surface 
wave “frequencies,” such as “low-pass,” “high- 
pass,” and a number of others can be used to sep-
arate the different structure classes. A high-pass 
filter, for example, removing the (low frequency) 
waviness, serves for evaluating roughness alone. 
A low-pass filter retains the waviness profile. 
There is no fixed intersection at which roughness 
becomes waviness or vice versa, as this depends 
on the size and nature of the application.

For skin roughness, the most basic approach is 
to use the same technical roughness parameters as 
are defined in ISO standards. The current basis for 
ISO parameters in profilometry is ISO 4287 
(1997). Regarded are point deviations yi from a 
reference line in the surface that is defined by flat-
tening the surface (elimination of low frequencies) 
and then taking the average of all yi in the line.
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Ra is the average point deviation, or, average 
roughness, while Rq is the root mean squared 
(giving more weight to extreme values). Rz is cal-
culated by dividing the reference line into s sec-
tions and calculating the average for the 
differences between the lowest and highest y in 
each section. Most commonly, five sections are 
used.

4.6.2  Selecting Roughness Profile 
Parameters

We will give a short overview of papers involving 
the selection of conventional parameters set forth 
in the DIN specifications. Several appropriate for 
evaluation of surface features and their changes 

due to treatment or healing have been selected in 
[4]. Monti et al. [5] report a statistically signifi-
cant difference between uninvolved and involved 
psoriatic skin for Ra but not for Rz.

Other authors report an increase in amplitude 
parameters and a decrease in the number of peaks 
in dry atopic skin [6]. Accordingly, spacing 
parameter Sm should increase. Our own experi-
ments show significant decreases in amplitude 
parameters in cases of hydration and increases 
associated with skin ageing [1, 4, 7, 8].

Murahata et al. [9] attempted to correlate sub-
jective evaluations of the skin surface with surface 
parameters for roughness measured over a length 
of 7.5 mm on positive replicas. “Plumpness” was 
used as a parameter for hydration, and scales and 
cracks for damage to the stratum corneum during 
visual assessment. On the other hand, Rz and Ra 
were used as roughness parameters during assess-
ments conducted with measuring instruments. 
Both roughness parameters were found to cor-
relate significantly with plumpness, but not with 
scaliness and number of cracks.

4.6.3  Advanced Surface Parameters

Optical systems can deliver the detailed topology 
of an entire surface area within a short time and 
with reasonable effort, and this called for new 
parameters utilizing area features. A workgroup 
initiated by the EU took up this task [10]. This 
resulted in a handbook, “Development of 
Methods for the Characterization of Roughness 
in Three Dimensions,” covering a range of issues 
related to 3D microtopography with an emphasis 
on standardization and interpretation. Many 
meaningful parameters such as Sa, Sq, Sc, and Sz 
are defined and discussed. The most common 
parameters are Sa and Sq.
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These 3D parameters, obviously, are extrapola-
tions of the 2D parameters discussed above. They 
are defined as the sum of z deviations in N rows 
and M lines. This way, all pixels of a measured 
surface (with optical systems, several hundred 
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thousand up to several millions) are taken into 
account. Therefore, these parameters carry a 
maximum amount of information and, depending 
on the application, can be a lot more meaningful 
than their conventional counterparts.

4.6.4  Filtering Aspects

The separation between roughness and waviness 
is not the only filtering issue to be regarded. At 
the upper end of the frequency range, system 
noise may contribute considerable amplitudes, 
especially with the measurement of very small 
structures. This applies to mechanical and optical 
systems as well. One large contribution to noise 
originates from the considerable amount of sig-
nal amplification involved (thermal noise), but 
there are many others.

An appropriate (usually very moderate) low- 
pass filtering can be used to keep noise below 
the surface detail measured. Skin roughness, 
especially when regarding very small structures, 
is not characterized by very steep structures. 
Regarding fringe projection, one may there-
fore apply a lateral filtering with a wavelength 
of several pixels and still retain all information 
about roughness parameters (i.e., Z values) way 
below this wavelength. The height resolution of 
the system, being much higher than its lateral 
resolution, also supports this. Hence, the charac-
teristics of fringe projection systems positively 
coincide with the requirements of skin roughness 
measurement.

Another aspect to be considered is “dirt,” i.e., 
little particles on a surface resulting in peaks in 
the measured profile. Tactile systems are less 
sensitive to this, as the probe simply pushes such 
particles aside. With optical measurement, using 
a special “peak removal” filter usually is a good 
means against such artifacts.

At the other end of the scale, one may want 
to retrieve waviness in a certain wavelength range 
but eliminate contributions from larger scale body 
shape. The PRIMOS system offers two principal 
ways achieving this: long wave high- pass filters (of 
various kinds) or, more sophisticated, a polynomial 
filter. The polynomial filter is an approximation 

algorithm yielding a best-fit  (two-dimensional) 
polynomial for the surface area:
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The polynomial is then subtracted from the pro-
file. This algorithm is very computing intense, so 
it is usually limited to an 8 × 8 polynomial, 
roughly analog to a conventional filter with a 
wavelength of ¼ the area extension.

4.6.5  Volume Parameters

The parameters mentioned so far cannot cover all 
aspects of practical analyses, and also the simple 
extension of one-dimensional parameters cannot 
unleash all possibilities given by a truly area- 
based scanning system. Analyzing crows-feet, 
for example, calls for a calculation of wrinkle 
volume. This, however, is not a standard param-
eter in current data analysis software. An algo-
rithm for this application could be using edge 
detection procedures in combination with suit-
able filter algorithms for separating roughness 
and wrinkle structures. We have developed soft-
ware algorithms with these features which have 
proven to be very meaningful. Interactive deter-
mination of the volume parameter is still some-
what time-consuming but the results are very 
sensitive and at the same time very descriptive.

4.7  Studies

Optical topometry has proven its worth for stud-
ies in the field of cosmetic and dermatological 
research in recent years. The standard systems 
are commonly used for substantiating smoothing 
claims and anti-wrinkle claims. Friedman et al. 
demonstrated the capability of documenting and 
quantifying the wrinkle structure following mul-
tiple treatment sessions with a 1,064 nm QS 
Nd:YAG laser [11]. They found correlations with 
clinical and subjective assessments and state that 
optical topometry provides objective verification 
and technical understanding of nonablative laser 
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technology. Roques et al. used PRIMOS to mea-
sure and evaluate scar surfaces with good defini-
tion and reproducibility [12].

Additional types of studies have become pos-
sible as a result of modified systems using larger 
fields of view. In our former studies, objective 
and quantitative assessments of cellulite and 
body wrinkles – for example, at the décolleté – 
have turned out to be very valuable and reliable.

Especially in this area, new developments are 
promising a much easier in vivo acquisition espe-
cially of larger boy areas. We will conclude our 
report with a short introduction to the latest tech-
nology available.

4.8  Recent Developments

The introduction of pico DLP projection technol-
ogy as well as the integration of computing power 
into the sensors themselves allows for a number of 
new, unprecedented applications. Pico projection 
chips have smaller mirrors (8 ×8 μm) and a smaller 
resolution (HVGA), resulting in a chip size only a 
fraction of the classical DMD. Nevertheless, the 
principal advantages of the technology are retained, 
and the smaller projection resolution does not pro-
portionally translate into a smaller Z resolution, as 
the fringe projection is not done crisp anyway. 
Combined with small “intelligent” cameras, light, 

handheld measuring devices have been developed 
(Fig. 4.13). Some of these devices deliver readily 
rendered 3D data via an Ethernet connection, a 
functionality resembling conventional image pro-
cessing cameras, but in three dimensions. On the 
other hand, pico projectors have been made power-
ful enough to allow for large measuring areas with 
only small requirements for environment light dim-
ming, enabling compact, light, and affordable face 
and body scanners, giving thought to unconven-
tional applications. For example, point-of- sales 
applications concerning cosmetic products and 
body shape measurement in gym shops (we will, 
however, refrain from extending these speculations 
here).

Yet in scientific applications as well, afford-
ability and network connection open up new pos-
sibilities. A combination of multiple scanners for 
fast, complete, in vivo head, or body scans has 
become possible. This is of particular advantage, 
as with in vivo topometry, combining several 
body scans taken by a single sensor from differ-
ent directions (the usual procedure with industrial 
measurements), is normally not possible as the test 
person will move during the repositioning times 
required, and this includes changes in the body 
shape itself, something unheard of with industrial 
applications. Multiple sensors, however, allow to 
perform multiple scans from  different directions 
within seconds or even a  fraction of a second, 

Fig. 4.13 Example of a compact, pico DMD-based sensor in mobile measurement (left) and on a stand (right) (Photos: 
GFM)
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short enough for most volunteers to stand suffi-
ciently still. Hence, this capability defines body 
shape measurement entirely new.

Currently, we are carrying out first studies 
using a four-sensor system by GFM for wide 

angle face and body measurement (Fig. 4.14). 
The  system has two stacked, motorized lifting 
columns, and includes individual precision tilting 
controls for each sensor, fulfilling the aforemen-
tioned requirements for positioning with repeated 
measurements. The system uses new multisensor 
calibration method allowing to integrate the scan-
ning results on-the-fly [13]. An additional con-
ventional side camera allows for controlling the 
proper head position (exact height and distance) 
of the test person. The seat, including an adjust-
able head rest, is designed for a best possible 
relaxed position and avoidance of any move-
ments during the (very short) scan. Figure 4.14 
shows the complete scanning station. Figure 4.15 
shows 2D live images from the sensor cameras as 
well as the side camera on the control computer 
screen. Figure 4.16 shows fringes sequentially 
projected from the four sensors and, to the right, 
the resulting 3D image, as a 3D simulation 
including the original color texture of the face (as 

Fig. 4.14 Biomedical body scanning station with four 
sensors and recallable precision positioning for 180° 
scanning (Photo: GFM)

Fig. 4.15 Live camera image for positioning of the four sensor cameras and the side camera (right) (Photo: GFM)

Fig. 4.16 Biomedical face scanning (cf. bottom): projected fringes from four different sensors (left to middle)

4 PRIMOS 3D Digital Frame Projection



54

described before, color is recorded using the 
color capability of the projectors to record three 
color excerpts in a sequence).

4.9  Conclusions and Outlook

Fringe projection-based topometry opens up a 
wide range of new approaches offering improved 
accuracy and repeatability as well as a wider cov-
erage of relevant parameters for cosmetic and 
dermatological research. A multitude of test 
designs have been facilitated and new ones have 
been made possible by the versatility of the sys-
tems, offering a multitude of application setups 
allowing studies of almost any physical body fea-
tures in small as well as large scales. Recent 
developments are widening the fields of applica-
tions by introducing light and compact measur-
ing heads, suitable for portable as well as complex 
multisensor devices.

As with any complex biophysical methods, 
skilled operators as well as the development of 
standard procedures are important for the quality, 
reliability, and repeatability of results, especially 
when carrying out larger studies involving tests 
on many test persons over a long time.

Essential ingredients are the accuracy and 
long-term stability of the test systems and the par-
ticular methods and procedures developed for 
carrying out scientific studies. We have shown 
how this has been approached in a number of 
recent cases. New possibilities, like multisensor 
systems and large scale in vivo body shape mea-
surement, will require a continuous adaptation 
and development of adequate procedures for their 
application.
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5.1            Introduction 

 First investigations about contactless surface 
analysis of the skin were initialized in the year 
1995. After a successful validation phase, the 
fi rst publication of the new FOITS technology 
(Fast Optical In Vivo Topometry of Human Skin) 
can be found in 1997 [ 1 ]. In comparison to the 
replica-driven technique during the last decade, 
the touch-free technique of  fringe projection  
became state of the art to investigate skin surface 
[ 2 – 5 ]. Due to many technical advancements (as, 
e.g., improved camera resolution, the use of blue 
LED lighting systems, or laser-supported and 
computer-optimized overlaying procedures), an 
easy-to-operate system could be realized during 
the last years. As scientifi c interest on the mecha-
nisms of wrinkle evaluation has always been 
pushed, the technical developments led to a tool 
of high scientifi c standard [ 6 – 9 ]. From the begin-
nings in the year 1995, FOITS became world-
wide established. Today it is used in various 
countries (Germany, France, Great Britain, 
Ireland, Italy, the USA, China, Japan, and South 
Korea). Consequently, in 2012, the new genera-
tion FOITS- 2  is now available to realize a 
 one- shot one-face technique with an excellent 
resolution and time regime. 

 More and more products will fi nd a worldwide 
distribution on a global marketplace. Demands 
on product claim support have to fulfi ll a variety 
of requests. In particular the analysis of wrinkles 
is of huge interest. Differences or similarities of 
varying skin ethnics can be a start point of new 
product development as well. 

 Results obtained with the FOITS technique 
show clear correlation of roughness parameters 
like Rz or FDD and age of volunteers. Data of 
more than 2,500 Caucasian women (Germany/
Holzminden) and 550 Asian women (China/
Beijing) are analyzed in order to present an over-
view of wrinkles and their history and will be 
presented in this article as an example of modern 
wrinkle analysis technique.  

5.2     Materials and Methods 

5.2.1     FOITS (Fast Optical In Vivo 
Topometry of Human Skin) 

 FOITS is a touch-free optical technique with a his-
tory of more than a decade to investigate skin sur-
face structures in a direct three-dimensional 
measurement by fringe projection [ 10 ]. The fringe 
projection technique used is a combination of 
gray-code and phase-shift technique [ 6 ]. In less 
than a few hundred milliseconds, the absolute 
space coordinates are measured of all object points 
in the selected image area with great exactness. 
The FOITS-measurement system consists of a 
projection unit and a CCD camera. Both are fi xed 
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under the triangulation angle. Concerning the 
gray-code method, grids with a rectangular bright-
ness distribution by different numbers of lines are 
projected. The number of lines is doubled at each 
new projection. This gives a clearly defi ned hierar-
chy of lines for each image point. Regarding the 
phase-shift technique, only one grid with a sinus-
like intensity distribution is projected several times 
with different phase positions. The FOITS tech-
nique is able to realize a depth sharpness area of 
±10 mm on an inspection area of 30 × 40 mm. The 
resolution in the vertical  Z -direction with 0.2 % of 
the measured area leads to an effective resolution 
of 4 μm in  Z -direction. A CCD camera with a hori-
zontal and vertical resolution in  X - and  Y -directions 
of about 30 μm is used. It has to be pointed out that 
the resolution in  Z -direction is not limited by 256 
gray steps of the CCD camera. The high resolution 
in the vertical direction is achieved by the analysis 
of the intensity and phase displacement of the pro-
jected grids. The surface structure of the analyzed 
area causes a deviation of the intensity and phase 
information of the projected grid structures from 
the theoretical model structure of a plane surface. 
With corresponding mathematical algorithms, the 
absolute 3D coordinates of the inspected area can 
be calculated of these deviations. A synopsis of the 
most important experimental side parameters is 
shown in Table  5.1  starting from the beginning of 
the fi rst experiments up to these days (Fig.  5.1 ).

    In 1995, the work on this new technique 
started to validate the method in comparison to 
existing replica methods. Since 1997 data have 
been generated using the FOITS technique in 
routine work. By this optical technique powerful 
surface information is obtained without any 
mechanical pre-fi ltering (infl uence) as typically 
has to be considered by taking replica. Starting 
with analysis of the inner side of the forearm, the 
crow’s feet area became the area of most interest 
later on. Increasing the power of FOITS tech-
nique as described in Table  5.1 , more and more 
areas of analysis could be investigated like the 
cheek, glabella area, under the eye, nasolabial 
area, the lips, or all over the body areas like the 
décolleté and legs. The latest technique used 
combines the fastest data measurement with the 
best superimposition technique to guarantee a 
perfect comparison of baseline and end value 
data. Superimposition is realized in a combina-
tion of laser-aided mechanical alignment of the 
subject in a fi rst step and a software-driven 
 rotation and shifting procedure of measured data/
pictures to fi nd the optimum of superimposition.  

5.2.2     Parameter of Analysis 

 Bringing into focus the periorbital wrinkle area 
(crow’s feet), the morphological structure of 

    Table 5.1    Synopsis    of the technical side parameters of FOITS from the beginning to this day   

 FOITS  1995  1998  2003  2006 

 Technique  Gray-code and phase-shift technique 
 Contact-free direct skin measurement in vivo 
 Halogen light  Blue LED technique 

 Superimposition  Mechanically aided by online overlay 
procedure 

 Laser aided mechanically  Software aided on top 
of all 

 Measurement area  Inner side of the forearm  Crow’s feet, under the eye, cheek, glabella, lips, nasolabial, 
décolleté, forearm, leg 

 Area of inspection  875 mm 2  (25 × 35 mm)  1,200 mm 2  (30 × 40 mm) 
 Area of analysis  20 × 20 mm  20 × 20 mm (or as needed) 
 Resolution 
   X -direction  ~40 μm  ~30 μm 
   Y -direction  ~40 μm  ~30 μm 
   Z -direction  4 μm  4 μm 
 Time to digitize the 
fi ne structure 

 ~320 ms  ~260 ms 
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this test area has to be taken into account if 
wrinkles are investigated. Having this in mind, 
analysis is carried out perpendicular to the main 
wrinkle direction based on the Rz parameter 
(according to DIN 4668 [ 8 ]) or the FDD (fre-
quency distribution of depth) analysis. Starting 
close to the eye, 50 separate lines with a dis-
tance of 400 μm are analyzed. The resulting 
roughness is shown as a function of line number 
(see Fig.  5.2 ). Ten successive lines each are 
averaged, resulting in fi ve areas of evaluation. 
Separating the area of analysis into these fi ve 
subareas (Areas 1–5, see Fig.  5.2 ), the area close 
to the eye named Area 1  represents the deepest 
structures, while with Area 5 smaller structures 
are quantifi ed. An example of this analysis is 
given in Fig.  5.1 . In comparison analysis of the 
lip area is shown. Due to the smaller test area at 
all, only four areas are defi ned with 40 separate 

lines with a distance of 250 μm. As shown by 
Fig.  5.2 , correlation of line number and Rz 
results in a more fl at link for the lip area in com-
parison to the crow’s feet area.

   In order to document the surface structure by 
a global parameter, the frequency distribution of 
all depths is used. The frequency distribution 
of depth (FDD) is calculated in the range 
from −600 to 600 μm (after polynomial correc-
tion) by using interval steps of 5 μm. The defi ned 
evaluation area is equivalent to a surface of 2 × 
2 cm and represents according to the technical 
resolution of the camera 640.000 single points. 
Therefore, a calculated FDD parameter is based 
on a rearrangement within these 640.000 values 
of depth. 

 Working with a distribution function, the zero 
level has to be kept in mind carefully. Thus the zero 
level of each volunteer is defi ned as the fi rst plane 
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  Fig. 5.1    Presentation of various FOITS system from 1995 to present days, example of FOITS-data presentation on an 
individual subject. 3D data presentation of the crow’s feet area before and after 4 weeks of product application       
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representing a level of about 0.1 % of all single val-
ues (about 600 counts). This plane is set as zero, 
and all further calculations are done with these 
resulting standardized values. From the surface 
structure, a frequency distribution of all depths is 
obtained as shown exemplarily in Fig.  5.3 .

   According to the selected zero level, a classifi -
cation of depth is made as follows:

 0–50 μm  → microstructure  (about 5 %) 
 55–170 μm  → fi ne structure  (about 65 %) 
 <170 μm  → rough structure  (about 30 %) 

   The given proportion will give a rough estima-
tion of structure ranges found in the crow’s feet 
area of women with distinct wrinkles and 
Caucasian skin. Taking into account a product-
smoothing effect, the green FDD curve as shown 
in Fig.  5.4  can be expected. Consequently an 
improvement of skin structure is defi ned by a 
shift of maximum and a change of width of the 
distribution function. A reduction of rough struc-
tures can be expected, while for fi ne and micro-
structures, an increase is obtained in case of 
structural improvements.
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5.2.3        Test Conditions 

 All data shown in the following are baseline data 
investigated by FOITS on women with distinct 
wrinkles. Data were collected after climatizing for 
45 min at 50 % rel. hum. and 22 °C. If not, espe-
cially remarked data were collected on Caucasian 
women in Germany/Holzminden. Alternatively 
data were analyzed taken from women living in 
China/Beijing in order to open the possibility to 
compare Asian and Caucasian wrinkle formation 

[ 9 ,  10 ]. Besides other skin physiological parame-
ters, a particular interest consists in the analysis of 
age and the appearance of wrinkles.   

5.3     Exemplary Results 
and Discussion 

 Starting with a general overview, Fig.  5.5  
 represents start and end point of the age scale. 
A 15-year-old girl with a smooth skin in the 
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 periorbital region is shown in comparison to a 
65-year- old woman with distinct wrinkles.

   Figures  5.6  and  5.4  present corresponding 
parameter analysis of analyzed skin areas of these 
two age groups. Besides the optical impression 

(Fig.  5.5 ), a clear difference in Rz and FDD can 
be identifi ed for different age groups.

   For a smooth surface at younger age without 
any wrinkles, a fl at correlation of Rz and line 
number (subarea) results, while for distinct 

FOITS – Age 

15 years 65 years

  Fig. 5.5    Skin of a 15-year-
old girl and a 65-year-old 
woman and corresponding 3D 
surface analysis       

0.20

0.18

0.16

R
z 

[m
m

]

0.14

0.12

0.10

0

Area 1 Area 2 Area 3 Area 4 Area 5

5 10 15 20 25 30 35

Line number (sub-area 1 – 5)

40 45 50

65 years

15 years

  Fig. 5.6    Rz as a function of line number for a 15-year-old subject and a 65-year-old subject       

 

 

M. Rohr and A. Schrader



61

wrinkles an exponential decay curve is obtained 
(Fig.  5.6 ). While for Areas 5–3, a more or less 
constant level of difference can be obtained, the 
major differences occur for Area 2 and Area 1, 
respectively. Even more impressive differences 
occur in the FDD analysis (Fig.  5.4 ). Distribution 
of depth gets much broader with age, and the 
maximum clearly shifts to deeper structures. 

 Going ahead with the main question of the 
relationship between wrinkles and age or product 
effi cacy, respectively, Fig.  5.7  shows results of 
Rz analysis on the basis of 2,695 subjects (5,390 
eyes). Data were analyzed as described above. Rz 
of subareas 1–5 is calculated as a mean value of 
10 Rz values. Data were averaged per subarea 
and per age and fi nally presented as a correlation 
of age and Rz individually per subarea in order to 
open the possibility to get a detailed view of 
wrinkle formation.

   As expected a link of increasing Rz values and 
age is obtained. This link might be described by 

an exponential fi t at fi rst glance. At closer inspec-
tion a more detailed interpretation might occur. 
From these calculations deeper structures seem 
to increase at younger age, while fi ne structures 
represented by subareas 4 and 5 seem to be on a 
constant level over a longer period of age. In 
order to present this detailed analysis, only sub-
area 1 and subarea 5 are shown in Fig.  5.8 .

   While for subarea 1 a linear correlation up to 
55–60 years is calculated with a slope of zero, 
for subarea 5 a linear regression ends up with a 
negative slope of the link of age and Rz. An 
exponential link could only be found for elder 
subjects. An explanation of this separated age 
behavior might be attributed to the fact that for 
antiageing studies volunteers with distinct wrin-
kles have to be selected. Consequently a data-
base is analyzed which does not represent a mean 
“population wrinkle” at younger age groups. 
Thus for deeper structures (subarea 1), an expected 
correlation based on a mono-exponential fi t 
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(dashed blue line) could only be detected on vol-
unteers elder than 57. In order to describe the 
whole age curve, a combination of a linear and a 
mono-exponential correlation has to be used 
(drawn through blue lines, Fig.  5.8 ). This combi-
nation of linear and mono-exponential fi t is 
found for subarea 5 as well (drawn through red 
lines, Fig.  5.8 ). Nevertheless interesting differ-
ences of subareas 1 and 5 can be identifi ed. 
While deeper structures seem to be constant in 
these special panels until an age of approx. 
55–60, younger women with distinct wrinkles 
(in order to be included in antiageing studies) 
seem to have a rougher skin structure even beside 
the wrinkles. This means a structure opening the 
possibility to take part in an antiageing investiga-
tion at younger age is linked to a rougher struc-
ture overall, while for elder volunteers deeper 
wrinkles might appear on a smoother skin (lower 
Rz on subarea 1) as well. This consequence 
could be linked to the negative slope (decreasing 
Rz values) of Area 5 up to an age of about 60 
years. From an age of approx. 57 years, struc-

tures in the crow’s feet area increase exponen-
tially. But even at these age groups, differences 
in subarea 1 and subarea 5 appear. Deeper wrin-
kles defi nitely increase stronger and are more 
pronounced than fi ne structures represented by 
subarea 5. Consequently a claim like “looks 
x-years younger” should be calculated on the 
basis of the exponential fi t information (Fig.  5.8 ) 
which mainly is determined by elder subjects. 
Taking into account that subarea 1 varies most 
with age, the mentioned claim might be obtained 
from a decrease in Rz calculated of subarea 1 
before and after product application. 

 Can similar results be expected if the ethnic 
background is changing? In order to light up this 
question, a comparison of Asian skin and 
Caucasian skin is carried out. Measurements of 
550 Chinese women from Beijing were per-
formed under identical conditions as described 
for the 2,695 subjects measured in Germany. A 
summary of these Asian data is shown in Fig.  5.9 .

   Besides the fact that less volunteers in com-
parison to the fi rst analysis of the Caucasian 
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women leads to more variation, by a fi rst view 
subareas 1 and 5 are much closer for Asian skin 
than measured for Caucasian skin. Differences 
from Area 1 to Area 5 are much less pronounced 
on Asian women in comparison to Caucasian 
crow’s feet data. A separation may start around 
the age of 58, while for the obtained data on 
Caucasian skin, a separation of subareas is docu-
mented for all analyzed data for all age groups. 
On the other hand the described strong increase 
of Rz values seems to start a few years earlier in 
Asian skin. 

 This analysis is a fi rst step to describe differ-
ences of skin on different continents. More data 
are needed to gain more detailed information 
from this. Nevertheless differences in the link of 
age and wrinkles are obtained by this fi rst attempt. 
A more homogenous skin profi le seems to be 
present in the crow’s feet area in Asian skin for 
the fi rst 55 years of life, while the increase of 
deeper wrinkles seems to be stronger if they 
occur at all.  

    Conclusion 

 Taking into account FDD analysis and analy-
sis of different subareas, a detailed profi le of 
product effectiveness can be calculated on a 
statistical relevant background from FOITS 
data. The history of wrinkle appearance is 
changing with wrinkle deepness. Deeper 
structures seem to increase earlier and stron-
ger than fi ner structures. If younger women 
have deeper wrinkles, they have a rougher 
skin structure at all. 

 Ethnic differences in skin surface parame-
ters can be linked to age and characteristics of 
wrinkles at fi rst glance. Data analysis as a 
function of subarea and of age will open the 
possibility to support “look x-years younger” 
as a new product claim if the panel is analyzed 
age by age and if an individual age-dependent 
effectiveness profi le is calculated on the basis 
of a mono-exponential fi t based on an elder 
panel. 

 Due to detailed possibilities of surface anal-
ysis of the FOITS method, new parameters 
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could be innovated for effi cacy evaluation dur-
ing a more than 15-year lasting practice phase. 
As an example the FDD parameter (frequency 
distribution of depth) can be mentioned, which 
allows an effi cacy analysis separated in micro-, 
fi ne, and rough skin structures on the basis of a 
statistical relevant method. In the area of anal-
ysis which is affected by the FOITS technique, 
different subareas and degrees of wrinkles are 
examined. In this way new conclusions about 
history of wrinkle formation but as well 
detailed and product- related effi cacy analysis 
can be obtained. 

 Thus, FOITS has become a worldwide used 
and accepted classical test for effi cacy testing. 
Many statements concerning product-induced 
wrinkle reduction are based on results obtained 
by the fringe projection FOITS technique.     
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     Abbreviations 

   AK    Actinic keratosis   
  BCC    Basal cell carcinoma   
  LPLK    Lichen planus-like keratosis   
  RCM    In vivo refl ectance confocal microscopy   
  SCC    Squamous cell carcinoma   

6.1           Introduction 

 In vivo refl ectance confocal microscopy (RCM) is 
an imaging technique that has been recently intro-
duced in clinical practice and research community. 

 The instrument consists of a head with a laser 
source that employs the “confocal” concept of 
light scattering. It is a completely safe and non-
invasive method based on the different refrac-
tive index of skin structures such as melanin that 
 provides the major source of contrast, keratin, 
organelles, and collagen. In grayscale confo-
cal images, structures that appear bright (white) 
have components with high refractive index 
compared with their surroundings and are simi-
lar in size to the wavelength of light [ 1 ,  2 ]. The 
horizontal scanning of the microscope produces 
black and white high-resolution images that are 
consecutively acquired to build up mosaic with 
an area that is up to 8 × 8 mm. Several mosaics 
at different skin depth can be imaged to obtain 
a complete overview of the lesion that is neces-
sary for assessing the architecture. The instru-
ment is coupled with a handheld dermatoscope 
that allows a perfect correlation for the confo-
cal fi ndings and guides the clinician during the 
acquisition. The resolution of RCM is quite 
similar to the conventional histopathology, and 
this capability renders the instrument a suitable 
candidate for skin tumor diagnosis. 

 RCM has found application in several clinical 
situations, and it was extensively applied in skin 
oncology to improve the diagnostic accuracy 
when combined with dermatoscopy. 

 In this chapter we will describe the major 
confocal criteria [ 3 ] in melanocytic and nonme-
lanocytic lesions highlighting the corresponding 
histopathologic correlates.  
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6.2     Melanocytic Lesions 

6.2.1     Common Acquired Nevi 

 The realm of common acquired nevi includes a 
variety of clinically different nevi. Traditionally, 
they are classifi ed based on histopathologic cri-
teria in junctional, compound, and intradermal 
nevi. Although this classifi cation does not encom-
pass the clinical variability of these lesions, it 
offers a good understanding of the confocal 
fi ndings according to different skin depth [ 4 ,  5 ]. 
Junctional nevi usually do not represent a clini-
cal challenge since dermatoscopy shows a regu-
lar pigmented network presenting a light brown 
to dark brown color or orange hue in fair skin 
phototype. Confocal microscopy shows the pres-
ence of a regular honeycombed pattern and ringed 
junctional architecture due to the alternation of 
black/hyporefl ective dermal papillae surrounded 
by bright polygonal cells. Few junctional nests can 
be present at time and they enlarge the interpapil-
lary space. In compound nevi presenting a mixed 
dermatoscopic pattern, it is frequent to observe the 

presence of several junctional nests that give rise 
to a “meshwork pattern” (Fig.  6.1 ). When a blue 
color is present upon dermatoscopy, RCM images 
highlight the presence of plump bright cells cor-
responding to melanophages, usually seen into the 
dermal papilla close to a tiny canalicular vessel 
[ 6 ]. The intradermal nevi with a predominant der-
mal component usually show a regular epidermis 
and the presence of large aggregates of roundish 
monomorphous cells (“clod” pattern) when the 
nested population is superfi cially located. In case 
of a deep dermal component, the limited laser 
depth penetration hampers the visualization of the 
melanocytic proliferation. Besides the stereotypi-
cal dermatoscopic and confocal aspects of these 
lesions, some nevi can be challenging from either 
a clinical point of view or histopathologic ones. 
Several terms have been coined to refer to these 
lesions such as “dysplastic” or “atypical” nevi, 
although a precise correlation between the clini-
cal “atypical” aspects and the “atypical” histologic 
appearance has not been found yet. Recently a 
study of our group defi ned the exact correla-
tions between the histopathologic fi ndings in the 

a b

  Fig. 6.1    ( a ) RCM image showing regular junctional nests ( arrows ) of a compound nevus that correlate well with the 
histopathologic ones ( b )       
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 so-called dysplastic nevi and the confocal fi ndings 
such as the bridging of the nests and the infl amma-
tory infi ltrate [ 7 ]. However, a clear-cut distinction 
from severe dysplastic nevi to incipient melanoma 
is not feasible, and it is strongly operator-depen-
dent for either pathologists or clinicians. The mor-
phologic universe of the Spitz tumors represents 
another diffi cult scenario. A good correlation 
between histopathology and confocal microscopy 
is reached for the pagetoid spread that can be read-
ily detected by the RCM. Unfortunately, a deep 
assessment of cytologic and architectural changes 
is not possible by means of RCM, and the manage-
ment of Spitz tumors is mainly based on clinical 
aspects and the age of the patient [ 8 ].

6.2.2        Melanoma 

 In the twenty-fi rst century, melanoma diagnosis is 
based on the integration of clinical and dermato-
scopic aspects. With the introduction of dermatoscopy 
in the clinical setting, the diagnostic accuracy has 
been greatly improved and the number needed 
to treat is extremely low in referral centers 

 compared to the past. RCM offers the possibility 
to improve the specifi city compared to dermatos-
copy while obtaining the same sensitivity [ 9 ,  10 ]. 
Dermatoscopy has to be though as the fi rst level 
for patient’s screening since it is a quick, cheap, 
and easy-to-use tool. In challenging cases, RCM 
provides more detailed information on the archi-
tecture of the lesion and the presence of cytologic 
atypia. Melanoma represents a family of distinct 
tumors that differ for their biological behavior and 
morphologic aspects. One of the histopathologic 
criteria useful in histopathology is represented by 
the pagetoid infi ltration that represents the supra-
basal epidermal location of atypical melanocytes 
(Fig.  6.2 ). Pagetoid cells can be readily visualized 
upon RCM as large and bright cells within the 
epidermis with a round to oval shape, sometimes 
presenting dendritic structures [ 11 ]. At the der-
moepidermal junction, the profi le can be altered 
by a variable nested proliferation of atypical mela-
nocytes. In early melanomas a single-cell proliferation 
is usually found within the rings that surround the 
dermal papillae [ 12 – 15 ]. Nests can show up as com-
pact dense nests with atypical melanocytes within 
the nests or loosely aggregates of nests (sheetlike 

a b

  Fig. 6.2    ( a ) Melanoma presenting large bright melanocytes in the epidermis ( arrows ) corresponding to the pagetoid 
spread ( b )       
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structures). In deep dermal tumors, the nest tends 
to be larger outlined by bright collagen septa; this 
aggregates are called “cerebriform” nests since 
they resemble the brain cortex. In “pure” nodular 
melanoma, the dermal component is usually show-
ing aggregates of malignant cells, whereas the pag-
etoid cells are rarely found with the exception of 
lesions exhibiting the consumption of the epider-
mis. Melanoma located on sun-exposed areas such 
as the face is characterized by a prominent paget-
oid spread of dendritic-shaped melanocytes that is 
preferentially located around the hair follicles that 
appear as dark roundish structures.

6.3         Benign Epithelial Lesions 

6.3.1     Solar Lentigo 

 The most striking fi nding in solar lentigo by RCM is 
observed at the dermoepidermal junction that pres-
ents the so-called polycyclic papillary contour or 
bulbous projections due to the anastomosing elon-
gated structures, separated by dark areas [ 16 ]. This 
bizarre-shaped junction corresponds to the presence 
of hyperpigmented and elongated rete ridge. The 
typical RCM aspect of solar lentigo can be found in 
association with lentigo maligna as a sign of the sun-
damaged skin in which lentigo maligna usually 
arises. For this reason, a careful examination of a 
wide area is warranted to not miss the atypical mela-
nocytic proliferation of the lentigo maligna.  

6.3.2     Seborrheic Keratosis 

 In clinical practice, the diagnosis of seborrheic kera-
tosis is usually simple and reliably made by a quick 
dermatoscopic exam. However, a quote of them can 
be diffi cult to diagnose. RCM has a limited depth 
penetration that allows the imaging up to the papil-
lary dermis, but fl at or slightly palpable lesions can 
be confi dently diagnosed. Seborrheic keratosis dis-
plays a typical architecture at the dermoepidermal 
junction that shows a ringed pattern with variably 
spaced papillae due to the presence of acanthosis 
and papillomatosis. Moreover, elongated cords and 
bulbous projections represented by round to oval 

structures contiguous or adjacent to the elongated 
cords represent common fi ndings. The epidermis 
shows a cobblestone pattern made by bright polyg-
onal keratinocytes, several cystic inclusions, and 
milia-like cysts that appear as bright laminar onion-
like structures. The top surface is characterized by 
the presence of holes and fi ssures (crypts) that 
appear as round to linear structures, darker than the 
surrounding epidermal surface.  

6.3.3     Lichen Planus-Like Keratosis 

 Lichen planus-like keratosis (LPLK), also named 
lichenoid keratosis, represents a keratosis undergo-
ing regression. From a clinical and dermatoscopic 
point of view, these lesions can be often challeng-
ing and in differential diagnosis with lentigo 
maligna or melanoma with regressive features. At 
dermatoscopy, LPLK is characterized by the pres-
ence of multiple bluish-grayish granules associated 
or not to the remnant of a keratosis. When the 
regression is more conspicuous, the granules cover 
the entire surface and the previous keratosis is no 
longer visible. This situation complicates the pic-
ture even more, and a biopsy is usually performed 
to rule out the diagnosis of melanoma. The use of 
RCM in this clinical context is useful since it dis-
plays the stereotypical aspect of LPLK seen in his-
topathology [ 17 ,  18 ]. At the epidermal level, a 
regular honeycombed pattern is observed along 
with few bright spots corresponding to infl amma-
tory cells. Typically, at dermoepidermal junction 
RCM highlights the presence of polycyclic papil-
lary contours that correspond to bulbous epidermal 
tips with tendency to anastomose. The dermis is 
occupied by numerous plump bright cells, often 
clustered and in proximity to vessels. These cells 
correspond to melanin-laden melanophages.   

6.4     Epithelial Tumors 

6.4.1     Basal Cell Carcinoma 

 Basal cell carcinoma (BCC) is the commonest 
skin tumor in Caucasian and its diagnosis is usually 
made by clinical inspection and dermatoscopic 
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analysis. A quick and confi dent diagnosis of 
BCC is essential to treat these tumors with non-
surgical approaches that permit better cosmetic 
outcomes in case of “cancerization fi eld” or 
elderly with several comorbidities. RCM pro-
vides a rapid diagnosis with high diagnostic con-
fi dence since it clearly detects the presence of 
basaloid islands [ 19 – 21 ]. Upon RCM the basa-
loid islands appear as tightly packed aggregates 
with peripheral palisading and lobulated shape. 
These aggregates are outlined by a dark space 
(corresponding to mucin) [ 21 ] and often sur-
rounded by a prominent vascularity that can be 
readily detected during live imaging. Interestingly, 
RCM highlights very well the presence of den-
dritic melanocytes entrapped within the basaloid 
islands and observable in a huge number in heav-
ily pigmented BCC. In hypopigmented BCCs the 
basaloid islands appear as “dark silhouettes” that 
are hyporefl ective area outlined by bright colla-
gen bundles (Fig.  6.3 ). The shape of the dark sil-
houettes is variably lobulated and helps to 
differentiate these aggregates from the surroundings. 

A fl orid infl ammatory infi ltrate is usually seen in 
association with basaloid islands. The infl amma-
tory cells are plump bright cells that correspond 
to melanophages.

6.4.2        Actinic Keratosis 
and Squamous Cell Carcinoma 

 Actinic keratosis (AK) and squamous cell carci-
noma (SCC) usually represent different stages of 
progression since it has been demonstrated that 
AK can progress into SCC. Clinically AKs and in 
situ SCC appear as multiple scaly, reddish mac-
ules or papules on sun-exposed sites, whereas 
invasive SCC is usually a fast-growing papule or 
nodule with keratotic surface and ulceration. 

 Upon RCM, AKs show a superfi cial disruption 
with single-detached keratinocytes at stratum cor-
neum associated to parakeratosis constituted by 
nucleated cells with dark center and sharp demar-
cation [ 22 ,  23 ]. At stratum granulosum, an atypi-
cal honeycomb pattern and architectural disarray 

a b

  Fig. 6.3    ( a ) Hypopigmented basal cell carcinoma presenting tightly packed aggregates of basaloid cells ( red arrows ) 
in proximity to a large caliber vessel ( yellow arrow ). ( b ) Histopathologic section showing the typical basaloid island       
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of variable degree can be correlated to a different 
degree of keratinocyte dysplasia on histopatho-
logic exam. The atypical honeycombed pattern is 
formed by variably shaped keratinocytes. In SCC 
an atypical honeycomb or disarranged pattern of 
the spinous- granular layer is found along with 
round nucleated cells corresponding to pleomor-
phic keratinocytes (Fig.  6.4 ). Round blood vessels 
traversing through the dermal papillae perpen-
dicular to the skin surface represent a common 
fi nding in SCC and high-grade AK. Few cases of 
SCC have been reported so far and the specifi city 
of these fi ndings remains to be tested. Moreover, 
in case of marked hyperkeratosis or abundant 
scales covering the entire lesion, in-depth imag-
ing is limited by the keratin scattering and this is 
a limitation when analyzing invasive SCC.

        Conclusions 

 RCM represents a modern imaging tool that 
permits a good in vivo histopathologic analy-
sis of skin tumors. The great advantage of 

RCM is not limited to diagnostic purposes, but 
it is extended to the treatment monitoring 
since many efforts have been directed to the 
development of new topical treatment espe-
cially for nonmelanoma skin cancer. Moreover, 
RCM offers the possibility to follow up lesions 
(i.e., nevi) over time to obtain information on 
their dynamic evolution. In conclusion, RCM 
is an emerging tool in the hands of clinicians 
that holds the capability to explore the histo-
pathologic fi ndings at patient’s bedside.     
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7.1            Introduction 

 In vivo refl ectance confocal microscopy (RCM) 
is a relatively new technique for real time, en 
face, non-invasive microscopical imaging of the 
superfi cial layers of the skin down to the superfi -
cial dermis, with cellular-level resolution close to 
conventional histopathology. The technology 
works on the bases of light refl ection according 
to the different refl ectance indexes of the differ-
ent skin structures [ 1 ]. RCM gives to clinicians 
the possibility of a real time and non-invasive 
“virtual” punch biopsy ranging from 2 to 8 mm in 
horizontal dimension and 250–300 μm in vertical 
dimension and providing collection of micro-
scopical features and consequential, immediate 
“clinical-microscopical” correlation. In specifi c, 
RCM has been already successfully tested for the 
evaluation of several infl ammatory, neoplastic 
skin conditions and has been demonstrated to 
constitute, in selected cases, an excellent alterna-
tive to invasive biopsy. In specifi c, RCM has been 
used in several infl ammatory skin conditions, 

such as acute contact dermatitis, discoid lupus 
erythematosus and psoriasis, and has been correlated 
with conventional histology in several instances 
[ 2 – 4 ]. Also pigmentary disorders and more recently 
hair diseases have been evaluated using confocal 
microscopy [ 5 ,  6 ].  

7.2     The RCM Technology 

 The name “confocal” derives from optically “con-
jugate focal” planes. The device is constituted by 
a laser point source of light, a condenser, objective 
lenses and a point detector. A point illumination is 
achieved by focusing a small source of light into 
the tissue. The detection of the point is obtained 
by the introduction of a pinhole in front of the 
detector that collects light only from the focus 
blocking light from elsewhere. Scanning the tissue 
areas in the focal plane non-invasive imaging of a 
thin (3.5 μm) section can be obtained as grey-scale 
picture in which bright structures are composed 
by components with high refractive index com-
pared with their surroundings (backscattered 
areas). Backscattering is primarily defi ned by the 
structures’ refractive index ( n ) compared to the 
surrounding medium. Highly refl ective skin struc-
tures include melanin/melanosome ( n  = 1.72), der-
mal fi bres ( n  = 1.43) and keratin ( n  = 1.51) that 
appear bright when surrounded by epidermis 
( n  = 1.34) and dermis ( n  = 1.41). In this way, RCM 
allows superfi cial skin non-invasive, real time, 
high-resolution microscopical evaluation close to 
histology (lateral resolution of 0.5–1 μm) [ 7 ,  8 ]. 
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A drop of immersion oil or water has to be applied 
to the skin lesion in order to have a refractive 
index suffi ciently close to that of the stratum cor-
neum. The immersion lens requires to be used 
with water/water gels placed between the window 
and objective lens with a refractive index close to 
that of the epidermis (Fig.  7.1 ).

   RCM requires the use of a metal ring with a 
plastic window that have to be attached to the 
skin in order to “connect” the optic to the skin 
areas to be evaluated. Also, handled devices with 
similar technical characteristics and that do not 
require to be “connected” to the skin exist [ 7 ].  

7.3     RCM for Infl ammatory Skin 
Diseases 

 In literature, RCM has been already demonstrated 
to be able to identify both main and secondary 
microscopical features characterizing specifi c 
infl ammatory process with high grade of corre-
spondence and correlation to optical histology [ 3 , 
 4 ]. This lets the reader, according to the identifi ca-
tion of the mainly represented RCM features in the 
lesion, fi rst to collocate the skin disorder in one of 
the three main categories of infl ammatory skin 
diseases identifi able with RCM: i.e. presence of:
    1.    Thick corneum and epidermis → hyperkera-

totic and acanthotic dermatitis   

   2.    Spongiosis → spongiotic dermatitis   
   3.    DEJ obscuration due to infl ammatory cells → 

interface dermatitis    
  Second, RCM let to add to the main criterion the 

collection of secondary RCM features (i.e. infl am-
matory cells in the epidermis, in the adnexal epithe-
lium or perivascular in the upper dermis, 
papillomatosis, dilated vessels) necessary for a bet-
ter defi nition of the infl ammatory process and con-
sequently better support the clinical diagnosis. 

7.3.1     Infl ammatory Diseases 

 As previously mentioned, collecting RCM fea-
tures and using the pattern method, specifi c 
infl ammatory processes can be identifi ed. In spe-
cifi c, lupus erythematosus, lichen planus, psoria-
sis and spongiotic dermatitis have been studied 
with RCM disclosing a high grade of correspon-
dence between confocal criteria and histological 
criteria with promising clinical application in 
diagnosis and follow-up. 

 Confocal microscopy of psoriasis is mainly 
characterized by the presence of increased thick-
ness of the stratum corneum (>40 μm) and epi-
dermis (>90 μm) according to the different 
skin sites as the main criterion [ 4 ]. Moreover, 
increased density and diameter of dermal papillae 
already visible at the level of the upper layers of 

Pinhole rejects 
light that is out of focus

Detector

Focusing lens

Beam splitter

Diode laser
830 nm

  Fig. 7.1    Schematic 
of in vivo refl ectance 
confocal microscope       
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the  stratum  spinosum, as sign of papillomatosis, 
are also typical for  psoriasiform and other hyper-
keratotic diseases. Dermal papillae are fi lled by 
dilated vessels that can be easily visualized using 
RCM [ 4 ] (Fig.  7.2 ).

   The main confocal feature characterizing 
interface dermatitis (i.e. lupus erythematosus and 
lichen planus) is the obscuration of the DEJ by 
infl ammatory cells distributed focally or in sheet 
at the interface between the dermis and epider-
mis. Infl ammatory cells, in those cases, can be 
also seen at the level of the epidermis as well as 
in the upper dermis around vessels as secondary 
criteria. Distinctive RCM criteria are dermal 

fi bres that are generally more thickened on lupus 
than in lichen and necrotic keratinocytes that are 
usually more visible and represented in lichen 
than in lupus; adnexa infundibular hyperkeratosis 
is more commonly seen in lupus [ 3 ]. 

 Spongiotic dermatitis under confocal micros-
copy is characterized by the presence of infl am-
matory cells up-migrated into the epidermis as 
single or in cluster to the vesicle formation. 
Spongiosis is seen under RCM as the presence of 
darker areas in comparison with the surrounding 
epithelium, with broad band intercellular spaces 
and associated with round to oval bright cellular 
structures between keratinocytes spaces [ 9 ,  10 ]. 

a

c d e

b

  Fig. 7.2    Plaque psoriasis ( a ); 4-by-4 mm RCM mosaic 
shows hyperkeratotic areas ( white square ), up located, 
enlarged dermal papillae with no rimming ( yellow square ) 
( b ); 0.5-by-0.5 mm single image taken at the level of 
the stratum corneum with parakeratosis ( black circle ) 
( c ); image from the DEJ shows thin inter-papillary septa 

( white arrows )  associated with enlarged DP fi lled by 
dilated blood vessels ( yellow arrows ) ( d ); image taken at 
the level of the upper dermis evidences the presence of 
infl ammatory cells ( red arrows ); ( e ) presence of infl am-
matory cells in the papillary dermis around blood vessels       
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Dilated vessels and dermal infl ammation can be 
also associated as secondary criteria.  

7.3.2     Hair Diseases 

 In literature, only few papers on RCM micro-
scopical anatomy of scalp and pathophysiology 
of related diseases have been published [ 11 – 14 ], 
but preliminary data about RCM application in 
trichology are extremely promising. 

 As previously mentioned, the intrinsic hori-
zontal, in vivo RCM approach to the tissue sup-
ports the evaluation of the skin layer by layer 
from the top to the upper dermis similarly to as 
required in optical histology of scalp diseases. In 
specifi c, the scalp tissue can be visualized, start-
ing from the stratum corneum down to the upper 
dermis (around 250 um), letting to evaluate all 
the thickness of the epidermis, the upper dermis, 
the hair shafts and the upper part of the adnexal 
infundibular epithelium (focusing on the open-
ing) and the surrounding stroma. In trichology, 
RCM can be considered as an intermediate step 
between trichoscopy and horizontal histology. 

 Using RCM, information about adnexal struc-
tures distribution and density, hair shaft integrity 
and dimension, microscopical distribution and 
amount of infl ammatory cells in different epider-
mal layers, superfi cial adnexal structures and 
upper dermis can be easily obtained. Moreover, 
dermal scarring, infl ammation and vessels can be 
also examined. 

 In detail, during the last 10 years, RCM data 
about the normal skin anatomy have been col-
lected comprehensive of adnexal structures. 
RCM features of hair shaft as well as glands and 
their infundibular epithelium have been studied 
demonstrating that RCM is able to visualize the 
hair shaft structures showing the medulla (visible 
as a strongly bright structure), the shaft and the 
cuticle. Also the infundibular epithelium and the 
openings can be evaluated with RCM. 

 Starting from the experience on normal, RCM 
features of abnormal hair shaft have been also 
anecdotally reported (i.e. uncombable hair syn-
drome, pili torti, trichothiodystrophy) describing 
the alteration in hair and/or medulla thickness 
and uniformity of the cuticula [ 13 ,  14 ]. 

 Also alopecias have been considered for RCM. 
In cicatricial and non-cicatricial alopecia, dermo-
scopical/confocal correlation has been done start-
ing from the comparison between dermoscopy and 
RCM mosaics. The advantage deriving from the 
use of RCM stays in the possibility of an immedi-
ate and non-invasive close-up to the tissue adding 
to dermoscopy, microscopical information con-
cerning the histological correspondence of dermo-
scopical structures (yellow dots) [ 15 ] and white 
dots [ 16 ] (vellus hair, etc.). Contemporary, loca-
tion and amount of infl ammatory cell involving 
adnexa, epidermis and upper dermis can be also 
examined (Fig.  7.2 ). 

 Moreover, in the case of cicatricial alopecia, 
presence of a scarred upper dermis can be easily 
evaluated as well as the remnant of thick collagen 
bundles in the site of the previously present hair 
follicle (Fig.  7.3 ).

7.3.3        Pigmentary Diseases 

 Acquired hyperpigmentations are characterized 
microscopically by pigment deposition in the epi-
dermis (brown macules) or in the dermis (grey/
blue macules) or in both the skin layers (brown to 
blue macules). Identifi cation of its prevalent local-
ization infl uences signifi cantly the treatment 
selection [ 17 ]. The two most common hyperpig-
mentary conditions are melasma/chloasma and 
postinfl ammatory pigmentation. On the other side, 
the most common skin disorder characterized by 
the development of white skin macules, due to the 
reduction or disappearing of melanocytes from the 
dermo-epidermal junction, is vitiligo. The effec-
tive possibility to evaluate pigmentary skin dis-
eases using RCM has been already demonstrated 
with success in literature. In specifi c cases, skin 
biopsy can be useful, but avoided by the patient 
and not applicable routinely in the therapeutical 
follow-up. RCM have been also demonstrated to 
be powerful in the follow-up and patient’s man-
agement giving the possibility of a fi ne modula-
tion of the treatment and reducing side effects and 
monitoring the response to treatment [ 5 ,  6 ]. 

 In specifi c, RCM used on vitiligo lesional 
and nonlesional skin provides non-invasively, 
 microscopical information useful for disease 
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management. Vitiligo lesions show disappear-
ance of the normal brightness at dermo-epider-
mal junction level normally visible in normal 
skin and due to the presence of pigmented kerati-
nocytes and melanocytes at the DEJ. At RCM 
only remnant of a “shadow” of the pre-existing 
papillary ring can be seen. Moreover, bright kera-
tinocytes, seen in normal skin above the DEJ in 
higher phototypes, are generally absent in vitiligo 
lesions. The disappearance of brightness (i.e. pig-
ment) at the dermo-epidermal junction level or 
above fi ts perfectly with the progressive loss of 
melanocytes and the reduction of epidermal pig-
mentation previously demonstrated with histopa-
thology and histochemistry [ 5 ]. 

 After treatment (UVB-narrow band), repig-
mented areas show a variable number of activated 
melanocytes located at the dermo-epidermal 

junction. Activated melanocytic cells can be seen 
as bipolar or stellate dendritic structures usually 
located around adnexal structures [ 5 ]. 

 Differently, melasma/chloasma is characterized 
by an increased deposition of pigment at the differ-
ent skin layers. Generally the pigment deposition 
involves prevalently the epidermis and the dermo-
epidermal junction, but the presence of pigment in 
the dermis is constantly seen: recently, presence 
of bright pinpoint elements that can correspond 
to “free” melanosomes in the upper dermis that 
have been lost from junctional defective or injured 
melanocytes [ 6 ] (Fig.  7.4 ). Postinfl ammatory pig-
mentations may occur at any site of previous exist-
ing acute or chronic infl ammatory processes. RCM 
of postinfl ammatory pigmentation is characterized 
by a typical distribution of pigment prevalently at 
the dermo- epidermal junction with the evidence 

a b

c d e

  Fig. 7.3    Cicatricial alopecia, lupus erythematosus type 
( a ); 4-by-4 mm RCM mosaic taken at the level of the upper 
dermis shows thicker and bright dermal fi bres as sign of 
scar ( white circles ) ( b ); 0.5-by-0.5 mm single image taken 
at the level of the stratum corneum with infl ammatory cells 

( red arrows ) in the epidermis and obscuring the DEJ ( white 
arrows ) ( c ); image from the upper dermis showing infl am-
matory cells between dermal fi bres ( red arrows ) ( d ); image 
of the upper dermis showing detail of the thick and disar-
rayed dermal fi bres, a sign of scarring alopecia ( e )       
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of strongly bright rims associated with a variable 
involvement of the epidermis that is characterized 
by evident increased brightness of keratinocytes 
of the spinosum in early stage of the pigmentation 
but by a less commonly seen bright cobblestone 
pattern than in melasma. Typically, no or closely 
absent bright melanophages in the upper dermis 
are seen in the postinfl ammatory pigmentation 
pattern of distribution of pigment. The last does 

not fi t with the histopathological description of the 
postinfl ammatory pigmentation in which melano-
phages have been described involving the deeper 
part of the papillary dermis and/or in reticular der-
mis [ 6 ]. The explanation of it can be related to the 
limit of penetration of the RCM in the skin tissue, 
but let the defi nition of the two patterns of distribu-
tion of pigment in melasma vs postinfl ammatory 
infl ammation.

a b

c d

  Fig. 7.4    Melasma ( a ); 0.5-by-0.5 mm single image 
taken at the level of the spinous layer shows strongly 
( pigmented) keratinocytes ( red arrows )    ( b ); adnexal 
structures epithelium,  corresponding to the DEJ on the 

face, is strongly bright because of the increased pigmen-
tation ( yellow arrows ) ( c ); melanophages are visible at the 
level of the upper dermis ( white arrows ) ( d )       
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7.4         Limits of RCM in 
Infl ammatory Skin Diseases’ 
Evaluation 

 Both literature and clinical routine application 
have been demonstrated how RCM represents a 
valid device for infl ammatory cases manage-
ment. On the other side, some limits exist affect-
ing the method. First of all, the limit of penetration 
to the papillary dermis (250 μm) does not permit 
the visualization of the infl ammatory process in 
the dermis when deep (i.e. lupus tumidus, sar-
coidosis). Moreover, in severely acanthotic epi-
dermis, the dermis cannot be visualized with 
RCM, and limited information to the epidermis 
can be obtained. Also in trichological applica-
tion, the major limit of RCM for adnexal struc-
ture evaluation is represented by the tissue depth 
that can be visualized excluding the possibility to 
get information about the hair follicle and glands 
and the impossibility of subtype of leucocyte dis-
crimination. Discrimination between the differ-
ent subtype of leukocytes and the different dermal 
fi bres is affected by the obvious absence of a spe-
cifi c staining (as haematoxylin and eosin for opti-
cal histology), limiting the interpretation of the 
signifi cance of the infl ammatory cells infi ltrate 
(i.e. eosinophils in allergic processes). Some 
software are under evaluation and test for virtual 
staining of the tissue.  

    Conclusion 

 RCM opened and is still opening new frontier 
for dermatologist involved in the diagnosis 
and management of infl ammatory skin dis-
eases giving the possibility of better sustained 
clinical and therapeutical decision and letting 
treatment follow-up with the advantage of 
non-invasive, infi nitively repeatable exams for 
microscopical information.     
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8.1            Introduction 

 On the basis of its proven effectiveness in healthy 
and pathological skin imaging [ 1 – 6 ], in vivo 
refl ectance confocal microscopy (RCM) may 
also be advantageously used to evaluate healthy 
and pathological oral mucosa as previously 
reported in literature [ 7 ,  8 ]. The possibility of a 
non-invasive imaging of oral mucosa represents 
an interesting solution for screening, diagnosis 
and follow-up of that small mucosal sites where 
biopsy—representing at the moment the gold 
standard for diagnosis in stomatology—is accom-
panied by defects as time consuming (10 days or 
more) for histopathological analysis, morbidity 
and postoperative complications due to the surgi-
cal wound, low patient’s compliance and need for 
multiple biopsies for extended or plurifocal 
lesions. Thus, in order to enhance the diagnostic 
management of oral mucosa diseases, RCM is a 
valid support to orient the clinicians toward a 
non-invasive diagnosis. Potentially, each oral dis-
ease could benefi t by the use of a non-invasive 

device that allows to reduce the diagnosis timing, 
to be less invasive and more comfortable and to 
evaluate the follow-up and the drug response. 

 Furthermore, RCM applied to oral mucosa 
showed better resolution and contrast, and deeper 
penetration through the epithelial and subepithe-
lial layer, than in skin analysis, thanks to the 
absence of cornifi ed superfi cial layer (with no 
consequent light backscattering). However, on 
the other hand, because of the peculiar anatomi-
cal and topographical oral mucosa features (lim-
ited accessibility, presence of concavity and 
convexity and mucosal sites not everywhere sup-
ported by bones and rigid structures), a dedicated 
handheld confocal microscope is needed for oral 
mucosa imaging to allow to overcome limitations 
due to the motions of patient and operator, its 
not-always-easy manageability, its shortness that 
does not allow to reach such sites too far (retro-
molar trigone, soft palate, tonsils) and its rigidity 
that arrests its tips to curved surfaces, such as 
hard palate and gingiva (Fig.  8.1 ).

8.2        RCM Description of Normal 
Oral Mucosa 

 RCM has already been described in literature to 
be useful for oral mucosa microscopical imaging 
[ 7 ,  8 ]. Both distinctive features and similarities 
between normal oral mucosa and normal skin can 
be observed with RCM. As already assumed, oral 
mucosa is made up of stratifi ed squamous epithe-
lium, underlined by submucosa and, according 
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to its histological features and functions, it is 
 traditionally divided into lining mucosa, mastica-
tory mucosa and specialised mucosa. The differ-
ences between the different mucosa subtypes can 
be easily visualised by RCM, showing different 
descriptors. 

8.2.1     Lining Mucosa 

 Lining mucosa, which covers structures such as 
lips, cheeks, fl oor of the mouth, ventral tongue and 
soft palate (Fig.  8.2a ), is made up by a non- 

cornifi ed stratifi ed squamous epithelium. On 
RCM, its superfi cial layer can be visualised as pre-
dominantly constituted by large cells recognisable 
by well-defi ned and hyper-refl ecting borders, cen-
tred by a bright roundish structure that accordingly 
to cellular proportions can be interpreted as the 
nucleolus. The nucleolus is surrounded by a dark, 
roundish halo corresponding to the nucleus as well 
known in RCM analysis of the skin.    The cyto-
plasm is large, dark to mildly refractile and fi lled 
by bright grainy structures usually not visible in 
the normal skin (Fig.  8.2b ). Going toward the 
lower layers, cells decreased in diameter until at 
the chorion-epithelial junction (CEJ), where cells 
appear more ellipsoidal and smaller, with polygo-
nal shape and connected one to the other by a thin 
strongly bright outline, endowed by cytoplasm 
slightly darker and neither nucleoli nor intracellu-
lar bright grainy structures. This architecture 
describes a frosted glass-like pattern (Fig.  8.2c ) in 
contrast with the honeycombed pattern usually 
visible in the skin. Dermal papillae appear as 
roundish to oval or elongated dark areas delimited 
by basal keratinocytes and fi lled by clearly visible 
blood vessels. Dermal papillae are not rimmed by 
a bright contour because of the absence of pig-
ment. Vessels appear generally horizontally ori-
ented (parallel to the en face section) (Fig.  8.2d ). 
Upper chorion shows connective fi bres, recogni-
sable as a bright reticulate structure underneath the 
epithelium, with no possibility to distinguish indi-
vidual mesenchymal cells (Fig.  8.2e ).

8.2.2        Masticatory Mucosa 

 Masticatory mucosa is present on gingiva and 
hard palate, and it shows similarity closer to the 
skin than lining mucosa, as the dense dermal 
papillae, but also differences, as lack of reamed 
papillae, pigment and annexes. In detail, due to 
its protective role from mechanical stresses, mas-
ticatory mucosa is more rigid than covering 
mucosa, and it is tough and tightly bound to 
underlying bones by dense connective tissue. At 
confocal imaging, its superfi cial layers, made up 
by cornifi ed stratifi ed squamous epithelium, 
show a thin  stratum corneum  as uniform, strongly 

  Fig. 8.1    Handheld refl ectance confocal microscope that 
allows to image majority of the oral mucosa sites, thanks 
to its design       
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bright with no visible cells, except in some 
 roundish and less refractile areas, where islands 
of small keratinocytes of the lower layers could 
be visualised as honeycomb-like pattern. Neither 
bright nucleoli nor dark halos corresponding to 
nuclei can be observed. At the  stratum spinosum , 
keratinocytes become identifi able as small polyg-
onal cells with strong bright borders and strongly 
grainy grey cytoplasm, regularly organised. At 
this level highly densely expressed dermal papil-
lae are just visible because of the high epithelial 
connectival interdigitation of this site to allow the 
absorption of mechanical stress and to offer most 
nourishment to the epithelium. Also at the CEJ, 
masticatory mucosa keratinocyte arrangement 
resembles the honeycombed pattern, as seen in 

the skin, due to the similar maturation pattern of 
these two anatomical sites. According to its func-
tion and its close attachment to the underlying 
bones, gingival upper chorion shows regular 
dense bright connectival fi bres.  

8.2.3     Specialised Mucosa 

 Specialised mucosa is located on the dorsal and 
lateral surface of the tongue and contains lingual 
papillae and taste buds (Fig.  8.3a ). Four kinds of 
lingual papillae exist, according to their shape and 
function:  fi liform papillae ,  circumvallate  papillae , 
 fungiform papillae  and  foliate papillae .  Filiform 
papillae  are visible on the dorsal surface as  fl exible 

a b

c e

d

f

  Fig. 8.2    Covering oral mucosa. ( a ) Clinical examina-
tion. ( b ) Superfi cial layer. A carpet of large cells charac-
terised by bright outlines and small roundish highly 
refractile nucleolus surrounded by nuclear dark halo. 
Grainy cytoplasm inside. ( c ) Going deeper toward lower 

epithelial layers, cells appear smaller and organised in a 
frosted glass-like pattern. ( d ,  e ) Detail of a dermal papilla 
with horizontal blood vessels inside. ( f ) Submucosal    lay-
ers shows connectival fi bres recognisable as bright 
reticuli       
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and elongated structures (Fig.  8.3b ).  Fungiform 
papillae  appear as well-defi ned  roundish islands 
separated by dark clefts (Fig.  8.3c ). Pressing them 
with the RCM optic, taste buds can be visualised. 
Similarly to conventional histology, taste buds 
appear at RCM as fl ask-like structures made up by 
spindle-shaped cells, converging into a hyper-
refractile “pore” and full of granules with large 
spherical bright nucleoli, surrounded by the dark 
nuclear halos.  Foliate papillae  appear as densely 
packed, elongated structures larger than the fi li-
form papillae and can be visible on the tongue 
margins (Fig.  8.3d ).

8.3         Preliminary RCM Description 
of Oral Diseases 

 As in skin, infl ammatory and neoplastic diseases, 
thoroughly documented in literature [ 1 – 6 ], RCM 
may also be useful to orient diagnosis and to 

 suggest therapeutic guidance of lesions and 
pathologies affecting oral mucosa. 

 In clinically suspicious “white lesions” affect-
ing the oral mucosa, RCM can help to distinguish 
between non-neoplastic alterations (as leukopla-
kia, oral lichen planus, frictional hyperkeratosis) 
and early cancer on the basis of identifi cation cri-
teria that are proven to appear only in cancerised 
mucosa, in our preliminary observations. 

  Leukoplakia  is a chronic white mucosal patch 
which is not due to any identifi able disease [ 9 ]. 
The term, purely clinical, needs histological 
examination in order to exclude malignancies and 
other benignant diseases as frictional keratosis. 
Since leukoplakia is considered a precancerous 
lesion and can express early signs of transforma-
tion as dysplasia, RCM imaging allows to study in 
a non-invasive way its histological features, ori-
enting the stomatologist to the correct treatment. 
RCM leukoplakia images show normal, thick 
stratum corneum, typical of these lesions, and 

a

c d e

b

  Fig. 8.3    Specialised oral mucosa of the tongue. ( a ) Clinical picture. ( b ) Filiform papillae. ( c ) Fungiform papillae. ( d ) 
Foliate papillae       
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 epithelial thickening with presence, sometimes, 
of infl ammatory cells at the CEJ. When malig-
nancy does not occur, RCM is not associated to 
cellular morphology atypia in terms of diameter, 
pleomorphism and structure (multiple nucleoli) as 
expression of epithelial cancer. 

    On the opposite, when suspicious lesions 
(Fig.  8.4a ) are observed using RCM (in which 
the subsequent histopathology reveals an  oral 
squamous cell carcinoma  (OSCC)), in addition 
to hyperkeratinisation (Fig.  8.4b ) present also in 
leukoplakia, cellular pleomorphism, polynucle-
olated cells, neo-angiogenesis and irregular 

 maturation of the layers are also found 
(Fig.  8.4c, d ). Pleomorphism is revealed by the 
presence of different-in-size monstrous cells, 
ranging from small to very large and elongated 
ones, disarranged and not orderly organised 
(Fig.  8.4b ).    In some of them, more than one 
nucleolus is present (Fig.  8.4c ); this is a sign 
never found in normal mucosa or leukoplakia 
without dysplasia. In the submucosa, when vis-
ible, lots of vessels are identifi ed as not always 
horizontally oriented as in healthy mucosa and 
showing various diameters and irregular 
arrangement. In addition, during the real-time 

a

c d

b

  Fig. 8.4    Oral squamous cell carcinoma (OSCC). ( a ) 
Clinical picture showing …. ( b ) At RCM multiple signs 
of cancerisation can be seen: Pleomorphism is revealed 
by the presence of different-in-size monstrous cells, 

ranging from small to very large and elongated ones, 
 disarranged and not orderly organised. ( c ) Detail show-
ing polynucleolated cells and a great amount of 
keratinisation       
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scan of this layer, it is possible to note an 
improved fl ow rate, more dynamic than in 
healthy mucosa. These features are an expres-
sion of the neo-angiogenesis occurring in 
OSCC. As regards cell maturation, no regular 
stratifi cation of the layer is present since large 
and small cells can equally be visualised both at 
the upper layer and at the lower ones (Fig.  8.4d ).

   Evaluating the potential role of RCM in 
infl ammatory processes affecting the oral 
mucosa,  oral lichen planus  (OLP), as example, 
suggests analogies with skin lichen planus, since 
OLP shows at RCM some of the features 
observed in interface dermatitis, as infl amma-
tory cell carpet appearing in the intraepithelial 
and subepithelial layers, plus epithelial thicken-
ing. Moreover, in preliminary evaluations of 
vesicular-bullous diseases as  pemphigus vulgaris  
oral, RCM allows the visualisation of acantho-
lytic cells and the absence of a prevalent infl am-
matory process in order to distinguish from other 
erosive  infl ammatory lesions as oral lichen pla-
nus. RCM allows the interpretation of the ero-
sion in order to exclude signs of malignancy 
   Fig.  8.5 .

       Conclusions 

 The encouraging preliminary results on RCM 
applied to oral mucosa open the possibilities 
of routine application of this technology to the 
clinical practice. Before that, evaluation of a 
large number of cases is needed in order to 
better defi ne fi rst the differences between 
benign and malignant lesions, second, identify 
specifi c descriptors for infl ammatory as well 
as neoplastic oral diseases. The necessity of 
histological examination of equivocal lesions 
still exists, but RCM in this phase could be 
used as a valid method for biopsy site selec-
tion in order to reduce the number of needed 
biopsies. Moreover, the non-invasive and real-
time RCM approach can orient the surgeon to 
excise the lesion with free disease margins 
more accurately, and fi rst of all, it allows the 
clinician to accelerate time of diagnosis. 

 These data could be useful also to evaluate 
the responsiveness to drug and the illness 
 versus healing. Therefore, RCM seems to be 
able to distinguish precancerous and tumoral 
lesion, an important step toward early non-
invasive diagnosis.     

  Fig. 8.5    Pemphigus vulgaris oralis (PVO). ( a ,  b ) 
Clinical picture showing erosion and disruption of an 
oral blister in PVO. ( c ) presence of multiple acan-
tholitic keratinocytes ( white arrows ) at the level of the 

stratum spinosum. ( d ) Dense carpet of inflammatory 
cells fulfilling the epithelial lower layers ( white 
arrows )       

a b
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     Abbreviations 

   BCC    Basal cell carcinoma   
  FLIM    Fluorescence lifetime imaging   
  MM    Melanoma   
  MPT    Multiphoton tomography   
  NADH    Reduced nicotinamide adenine dinucleotide   
  NADPH    Reduced nicotinamide adenine dinu-

cleotide phosphate   
  NIR    Near infrared   
  SHG    Second harmonic generation   
  UV    Ultraviolet   

       Multiphoton laser microscopy or tomography 
(MPT) associated to fl uorescence lifetime imaging 
(FLIM) is one among the very few noninvasive 
imaging methods enabling an in vivo optical 
biopsy. Thanks to its spatial resolution similar to 
that of histopathology at high power magnifi cation 
(<1 μm lateral, <2 μm axial) [ 1 ] and to the possible 
use of colour coding of the fl uorescence decay 
time [ 2 ,  3 ], this technique enables the morphology 
of the tissue to be immediately recognizable. 

 MPT is an optical imaging system that excites 
fl uorescence from the tissue through the simul-
taneous absorption of two or more photons 
of infrared light [ 4 ]. Whereas for conventional 

 confocal fl uorescence microscopy, fl uorophores 
are excited by absorption of individual photons 
in the visible or ultraviolet spectrum, MPT exci-
tation entails the simultaneous absorption of two 
or more photons of longer wavelength. This pro-
cess requires a high intensity of excitation light 
and is confi ned to the tightly focused excitation 
spot. The longer wavelength infrared radiation 
undergoes less scattering than visible light and 
can thus facilitate high resolution imaging deeper 
into biological tissue [ 1 ,  4 – 13 ]. 

 MPT can exploit autofl uorescence of intrinsic 
tissue fl uorophores, i.e. naturally occurring mole-
cules that can be imaged using MPT without the 
need for exogenous contrast agents. Fluorophores 
are integral components of the molecules to which 
they confer the characteristic autofl uorescence. 
They include NADH (reduced nicotinamide ade-
nine dinucleotide), NADPH (reduced nicotin-
amide adenine dinucleotide phosphate), fl avines, 
keratin, melanin, elastin, collagen, porphyrin, tryp-
tophan, cholecalciferol and lipofuscin [ 1 ,  4 – 13 ]. 
After energy absorption, fl uorophores can then 
emit energy in turn, generating a visible signal at 
defi ned and characteristic wavelengths, different 
from those of absorption. The quantity and the 
wavelength of the emitted energy depend on 
the chemical characteristics of the fl uorophore, on 
its environment and particularly on the type of the 
surrounding molecules [ 14 – 16 ]. 

 Effi cient MPT excitation usually requires ultra-
short femtosecond laser pulses, which are also 
able to produce the nonlinear effect of second har-
monic generation (SHG). The SHG signal comes 
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from periodic structures such as collagen and is 
characterized by an emission wavelength corre-
sponding to half of that of the incident photon; this 
particular signal allows the visualization of dermal 
collagen bundles and their distinction from cellu-
lar components and elastin fi bres [ 1 ,  5 ,  6 ]. With 
MPT bidimensional images are acquired which 
correspond to optical sectioning parallel to the tis-
sue surface (reported to a defi ned xy- plane). 
Pictures obtained at various depths, called z-stacks, 
can be acquired by sequentially modifying the 
depth of the focal plane in the tissue, reaching lev-
els of 200 μm measured from the departure point 
at the skin surface [ 8 ,  10 ,  13 ]. Grey scale images 
are generated, reproducing the fl uorescence inten-
sity in different tissue components (Fig.  9.1a ).

9.1       Excitation Wavelength 

 By modulating the excitation wavelength, differ-
ent skin structures can be selectively excited, 
obtaining an enhancement of their morphology. 
When exploring the skin, a wavelength of 760 nm 
is fi rst chosen for a proper imaging of epidermal 
structures [ 8 ,  10 ,  13 ]. When reaching the dermo- 
epidermal junction, the excitation wavelength has 

to be increased up to 800–820 nm, for  selective 
melanin imaging. By this wavelength, most kerati-
nocytes progressively become invisible. On the 
contrary, since melanin has an absorption spec-
trum that decreases from the UV region to NIR, 
with a selective excitation wavelength of 800 nm 
[ 17 – 19 ], melanin and melanin- containing cells 
(melanocytes and melanin-containing keratino-
cytes) will appear as single cells in the basal layer 
showing intense fl uorescence. This characteristic 
can be employed to recognize melanocytes and 
melanin granules in cell cultures (Fig.  9.2 ).

   A wavelength of 800 nm is generally employed 
to adequately visualize the extracellular matrix of 
the dermis. At this wavelength, collagen fi bres 
that generate the SHG signal are selectively 
excited, whereas at 760 nm, dermal autofl uores-
cent components such as elastin are enhanced in 
the image.  

9.2     Fluorescence Lifetime 
Imaging 

 Fluorescence lifetime imaging (FLIM) is based 
on the measurement of the decay rate of the 
 fl uorescence signal following a short pulse of 

a b

  Fig. 9.1    On the  left  ( a ), multiphoton tomography    inten-
sity image of healthy epidermis. In ( b ) pseudo-colour- 
coded fl uorescence lifetime image of the same epidermal 
area, where  red-coloured  melanocytes, characterized by a 

short lifetime decay time, are well distinguishable from 
 green-coloured  keratinocytes with a medium lifetime 
value. Pseudo-colour scale: 0–2,000 ps       
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excitation light [ 11 ,  15 ,  19 ]. This represents an 
additional technique for use in combination with 
MPT (MPT/FLIM), further improving the under-
standing of skin morphology in detail. Further 
discrimination between fl uorophores can be 
gained using multispectral FLIM, which is based 
on the analysis of multiple emission spectral 
channels [ 20 – 22 ]. 

 Whereas MPT conventionally relies on the 
assessment of the intensity of endogenous fl uores-
cence emitted by fl uorophores in the skin, FLIM 

provides additional information based on the con-
trast generated by differences in the decay rate 
of the fl uorescence intensity, not only providing 
morphological information but also a quantita-
tive assessment of metabolic changes in living tis-
sue. Since FLIM is immune to intensity artefacts, 
it enables a more robust numerical description 
of the images than intensity imaging [ 2 ,  20 – 22 ]. 
Images presented in this chapter are obtained by a 
FLIM system, developed jointly by the Photonics 
Group of the Imperial College of London and 

a b

c d

  Fig. 9.2    Multiphoton tomography intensity images. 
Melanin imaging and excitation wavelength. In a melano-
cyte cell culture, by a 720-nm excitation wavelength ( a ), 
cells and melanin granules are not recognizable; ( b ) at 

760 nm, both melanocytes and melanin granules are 
clearly visible; ( c ,  d ) by increasing the excitation wave-
length to 780 and 800 nm, melanin granules are enhanced, 
but melanocyte bodies fade ( c ) and are not more visible ( d )       
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JenLab GmbH (Jena, Germany), which has been 
incorporated into the commercially available 
 DermaInspect ® (JenLab GmbH, Jena, Germany). 
The distribution of fl uorescence lifetimes within 
an image is visualized through a histogram that 
plots the fl uorescence lifetime ( x -axis) against 
the number of corresponding pixels occurring 
at that lifetime ( y -axis). Pseudo- colour images 
are generated, where each image pixel contains 
information about its fl uorescence decay time cor-
responding to a specifi c colour. Thus, four dimen-
sional data sets are generated, where the tissue is 
not only studied according to its structure in the 
 x -,  y - or  z -axis but also according to the fl uores-
cence dynamics of its components corresponding 
to different states or metabolic characteristics of 
the tissue [ 2 ,  20 – 22 ]. Besides essential informa-
tion on fl uorescence decay rates, false colour cod-
ing, enhancing image contrast and providing a 
more user-friendly visualization method permits 
the immediate  identifi cation of cellular, subcellu-
lar or extracellular structures in the image. As an 
example, when employing a 0–2,000 scale, kerati-
nocytes, exhibiting fl uorescence decay time values 

around 1,000 ps, are represented in the blue-green 
range, whereas melanocytes, with medium to short 
fl uorescence decay time, are coded in the yellow-
red range (Fig.  9.1b ) [ 23 ]. Fluorescence lifetime 
scale intervals may be varied according to the need 
for enhancing particular structures or cells belong-
ing to a certain typology or to identify subcellular 
particles. Figure  9.3  shows upper melanoma lay-
ers represented by two different scales. On the left, 
employing a 0–2,000 colour scale, melanoma cells 
are coloured red, corresponding to short-lifetime 
values, and this permits the immediate categori-
zation into melanin- containing cells; on the right, 
short-lifetime values are expanded employing a 
0–400 scale, enabling the enhancement of intra-
cellular structures.

9.3        Application Fields 

  Cell Cultures . The MPT/FLIM technique has 
numerous applications in dermatology. Morpho-
logic and metabolic characteristics of different 
cell types can be studied employing cell cultures, 

a b

  Fig. 9.3    On the  left  ( a ),  upper  melanoma    layers repre-
sented by a 0–2,000 ps pseudo-colour scale. Melanoma 
cells, displaying short lifetime values, are shown in 
 orange  and are immediately recognizable. On the  right  
( b ), a 0–400 ps scale is employed to increase the contrast 
inside cell components and to recognize the characteris-
tics of the cytoplasm. Images presented in this chapter 

were obtained by a FLIM system, developed jointly by the 
Photonics Group of the Imperial College of London and 
JenLab GmbH (Jena, Germany), which has been incorpo-
rated into the commercially available  DermaInspect ® 
(JenLab GmbH, Jena, Germany) and were calculated 
using the software SPCImage (Becker & Hickl GmbH)       
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where isolated cells can be examined out of the 
tissue environment. Fibroblast cultures are 
widely used as an experimental model to study 
the expression of specifi c genes or the effect of 
drugs with potential chemotherapeutic activity 
and to check the mutagenicity and carcinogenic-
ity of different substances. Using MPT/FLIM, a 
precise and rapid assessment of the morphologic 
and metabolic changes fi broblasts undergo after 
exposure to various environmental factors can be 
achieved without the need of cell processing and 
staining [ 24 ] (Fig.  9.4 ).

    Healthy Skin and Skin Ageing.  Healthy epider-
mis shows a homogenous distribution of cells 
which are divided by thin nonfl uorescent intercel-
lular spaces [ 7 – 13 ,  23 ,  25 ]. Since nuclei are defi -
cient in autofl uorescence signals, they appear as 
dark areas inside the fl uorescent cytoplasm 
(Figs.  9.1a  and  9.5 ). The stratum corneum shows 
strong keratin-based fl uorescent hexagonal- shaped 
large fl at cells. At a depth of about 20 μ from the 
skin surface, we fi nd the stratum granulosum, 
where keratinocytes appear as large, oval cells with 
autofl uorescence in the cytoplasm and dark nuclei. 
Melanin blotches inside the keratinocytes may be 
unique, involving a large part of the cytoplasm and 
sparing the nucleus, or may be organized in multi-
ple spots, conferring a granular appearance to the 

keratinocyte. Sometimes the melanin blotch forms 
a cap over the nucleus, which is not recognizable 
because of the horizontal optical section of the 
sample. Stratum spinosum cell diameter decreases 
and cell density increases going more in depth 
towards the basal layer. At 50–100 μ from the skin 
surface, we fi nd the basal layer with brightly fl uo-
rescent small polygonal keratinocytes and dark 
nuclei. At the    dermo-epidermal junction, we fi nd 
dark round/oval-shaped areas, interrupting the 
basal layer, corresponding to the top of the dermal 
papillae, where we can appreciate the presence of 
fi bres [ 23 ].

   The morphology and the metabolic states of 
healthy skin can be assessed in vivo, according to 
skin site and age. In fact, cell diameter and 
 density vary according to epidermal cell depth 
and skin site [ 23 ]. In the elderly, epidermal cells 
show morphologic alterations, presenting irregu-
lar shape, size and intercellular distance and a 
decreased number at the basal layer (Fig.  9.5d ). 
The modifi cations of the metabolic activities 
characteristic of the ageing process are refl ected 
by variations in FLIM values, which increase at 
both the upper and lower layers in elderly sub-
jects [ 23 ]. Further efforts are needed to increase 
knowledge on variations the epidermis undergoes 
according to environmental infl uences, for use as 

a b

  Fig. 9.4    On the  left  ( a ), a 3-day old fi broblast culture; on the  right  ( b ), a 1 month old culture stimulated with ascorbic 
acid where the fi bres produced by the fi broblast are clearly visible as  red  (short-lifetime) fi laments       
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a reference for the study of different pathological 
conditions. 

 For the evaluation of the dermis, the excita-
tion wavelength is switched to 800–820 nm. Two 
kinds of signals are generated by dermal fi bres: 
autofl uorescence signals from both collagen 
and elastin fi bres and SHG signals from col-
lagen fi bres [ 6 ]. Separation of these signals can 
be accomplished by an optical fi lter that can be 
inserted into the beam path and which excludes 

the SHG component of the signal when excit-
ing at up to 800–820 nm. When employing the 
fi lter eliminating the SHG signal, collagen fi bres 
only contribute to the signal with their modest 
 autofl uorescence component, thus fading and 
enabling the recognition of fi bres containing 
elastin. The latter appear as fi ne-curled fi bres 
with a nonhomogeneous calibre (Fig.  9.6 ).

   Skin ageing and pathological skin conditions 
of the dermis bring about morphological changes 
in the dermal collagen and elastin fi bre network. 

During the ageing process, fi bre tension and 
morphology and network pattern, as assessed by 
MPT, change [ 26 ]. Employing in vivo autofl uores-
cence and SHG imaging, a relationship between 
morphological characteristics of human dermis 
assessed by MPT and age was demonstrated [ 27 ]. 
Investigating facial skin specimens from patients 
of different ages by MPT imaging, Lin et al. 
observed that in young individuals, autofl uores-
cence and SHG signals are interspersed in the 

papillary dermis. Conversely, in the elderly, SHG 
signals can only be detected in the uppermost part 
of the dermis, whereas large amounts of fl uores-
cent elastic fi bres, corresponding to solar elastosis, 
are found in the dermis [ 28 ]. The trend of decreas-
ing SHG signals and increasing autofl uorescence 
signals is correlated with the histological fi ndings 
of the decrease in collagen fi bres and the increase 
in elastic fi bres with increasing age. 

 MPT/FLIM is a procedure holding great promise 
for increasing diagnostic accuracy of skin tumours. 

a

c d

b

  Fig. 9.5    ( a – c ) Pseudo-colour FLIM    stack of healthy epi-
dermis. ( a )  Upper  epidermal layers of a young subject, ( b ) 
 lower  epidermal layers, ( c ) dermo-epidermal junction and 
( d )  upper  epidermal layers in an elderly subject. In ( a ), 

keratinocytes show regular contours and intercellular dis-
tance, whereas in ( d ) cells present morphologic altera-
tions and a shift of the fl uorescence decay time towards 
higher values ( blue-coloured keratinocytes )       

 

S. Seidenari



95

  Basal Cell Carcinoma  (BCC). BCC represents 
the most frequent skin tumour. Besides the diag-
nostic diffi culties for superfi cial lesions which 
lack sensitive dermoscopic criteria, the identifi ca-
tion of tumour boundaries, and consequently of 
the excision margins, represents practical prob-
lems in the daily dermatological routine. The 
use of MPT alone has already proved effective 
in identifying some diagnostic aspects of BCC. 
Investigating BCC specimens by MPT, histo-
pathological features characteristic of BCC, such 
as elongated cells, nuclei polarization and periph-
eral palisading, can be recognized in the images 
[ 29 ,  30 ]. Lin et al. achieved a discrimination of 
BCC from normal dermal stroma by MPT imag-
ing of formalin-fi xed specimens of nine nodular 
type BCCs [ 31 ]. BCCs appeared as clumps of 
autofl uorescent cells with large nuclei and periph-
eral palisading. By FLIM implementation and 
valuable information about time- resolved analy-
sis of the fl uorescence signal, further criteria are 
added for diagnostic purposes and tumour margin 
assessment. Using a multidimensional nonlinear 
laser imaging approach to visualize  ex vivo  sam-
ples of BCC, Cicchi et al. observed a blue-shifted 
 fl uorescence emission, a higher fl uorescence 

response at 800 nm excitation wavelength and 
a slightly longer mean fl uorescence lifetime in 
BCCs [ 32 ]. A wide-fi eld (single photon excitation) 
study by Galletly et al. employing FLIM, imaged 
unstained excision biopsies of 25 BCCs with 
FLIM following excitation of autofl uorescence 
with a 355 nm pulsed ultraviolet laser [ 3 ]. A sig-
nifi cant reduction in mean fl uorescence lifetimes 
between areas of BCC and those of surrounding 
uninvolved skin was demonstrated. Investigating 
BCC by MPT, Seidenari et al. identifi ed specifi c 
descriptors, which were never observed in healthy 
skin but were present in all BCCs [ 30 ]. Further 
examination of BCC by MPT/FLIM revealed that 
some of these features correspond to traditional 
histopathological diagnostic criteria, such as 
aligned elongated monomorphous cells, periph-
eral palisading of tumour cells and typical tumour 
nests, whereas others, such as ‘blue cells’ and 
‘phantom islands’, cannot be recognized in fi xed 
and stained specimens (Fig.  9.7 ) [ 33 ]. ‘Blue cells’ 
correspond to basaloid cells showing fl uores-
cence lifetime values higher than those of normal 
keratinocytes. The biological signifi cance of the 
lifetime modifi cations in cancer cells is thought 
to be due to a shift from oxidative metabolism to 

a b

  Fig. 9.6    MPT/FLIM: pseudo-colour-coded fl uorescence 
lifetime imaging (pseudo-colour scale 0–2,000 ps). Enhance-
ment of elastin fi bres by inserting a fi lter for SHG signals 
originating from collagen fi bres. A nevus at a depth of –60 μ. 

( a ) Collagen fi bres ( white arrows ) appear as thick  red  fi la-
ments inside the dermal papillae; ( b ) after fi ltering SHG sig-
nals, elastin fi bres appear as tiny blue (long-lifetime) 
fi laments; melanocytes surround the papillae ( triangle )       
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glycolysis associated to variations in the amount 
of free and bound NADH [ 14 ]. Thus, FLIM imag-
ing may represent a method to measure the oxida-
tive stress and/or preferential metabolic pathway 
in living tissues [ 14 ]. ‘Phantom islands’ are gen-
erated by shifting the excitation wavelength to 
800–820 nm. In this way, keratinocytes and BCC 
cells almost disappear, whereas the visualization 
of fi bres is enhanced. Short-lifetime red (colla-
gen) fi bres tightly embrace the basaloid longer 
lifetime blue cell nests, corresponding to empty 
spaces (‘phantom islands’) (Fig.  9.7 ). Employing 
the MPT/FLIM technique, the separation between 
healthy skin and the tumour mass is achieved in 
all cases, making this technique a consistent tool 
for the defi nition of tumour margins.

    Melanocytic Nevi . Common nevi, which are 
characterized by a proliferation of typical melano-
cytes, in single cells or in aggregates, are benign 
lesions which are clinically relevant as their appear-
ance may be very similar to malignant melano-
cytic lesions. By MPT/FLIM, specifi c descriptors, 
referring both to cytology and architecture, enable 
their diagnosis [ 34 ]. Melanin-containing keratino-
cytes are recognizable in FLIM images as long-
lifetime cells containing short-lifetime spots or 
blotches (red to yellow in the 0–2,000 ps pseudo-

colour scale) characterizing melanin, whereas 
epidermal melanocytes in the upper and the lower 
layers appear as tiny short-lifetime cells, which are 
smaller than keratinocytes presenting a well vis-
ible small nucleus and homogeneously distributed 
melanin (Fig.  9.8a ). At the dermo-epidermal junc-
tion level, the tips of the dermal papillae, appear-
ing as roundish structures surrounded by a regular 
orange boundary of melanin-containing keratino-
cytes and melanocytes, are visible. ‘Edged papil-
lae’ are characterized by a well-demarcated rim of 
orange cells surrounding a dark space containing 
fi bres or cells, whereas ‘non-edged papillae’ lack a 
well-defi ned boundary (Fig.  9.9 ). Junctional nevus 
cell nests appear as aggregates of short- lifetime 
cells rising from the periphery of the papillae 
(Fig.  9.9 ). In compound nevi, short-lifetime ‘der-
mal cell clusters’ are also  visible (Fig.  9.8b ). By 
MPT/FLIM a regular architecture is generally 
observable in benign melanocytic lesions.

     Melanoma . Melanoma (MM) is a lethal  cancer. 
Despite a high cure rate for thin melanomas, 
advanced melanomas have a poor prognosis. 
Thus, early identifi cation of melanoma represents 
a crucial end point for physicians. Due to its high 
resolution, MPT/FLIM holds a great potential for 
improving MM diagnosis [ 19 ,  35 ]. 

a b

  Fig. 9.7    On the  left  ( a ), basal cell carcinoma nests con-
stituted by ‘ blue cells ’; on the  right  ( b ), ‘phantom islands’, 
i.e. basal cell carcinoma nests disappearing at an excitation 

wavelength of 800 nm; at the same time, collagen fi bres 
are enhanced and appear as  red  fi laments circumscribing 
the nests       
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 By MPT/FLIM, keratinocytes may not be 
recognizable at the superfi cial layers of a MM. 
When present, they are infi ltrated by atypical 

 melanocytes [ 36 ]. When displaying images by 
a 0–2,000 ps fl uorescence lifetime range, MM 
cells appear orange to red, due to their short 

a b

  Fig. 9.8    On the  left  ( a ), pseudo-colour-coded fl uores-
cence lifetime image of  upper layers  in a nevus, where 
 small red- coloured   melanocytes, characterized by a short-
lifetime decay time, are well distinguishable from  large 
green-coloured  keratinocytes with a medium lifetime 

value. The pseudo-colour scale employed to represent this 
picture ranges from 500 to 2,000 ps. On the  right  ( b ), a 
dermal melanocyte cluster in a compound nevus;  blue  
elastin fi bres are visible in the dermis       

a b

  Fig. 9.9    Selective melanin imaging and enhancement of 
collagen fi bres by switching the excitation wavelength 
from 760 ( a ) to 800 nm ( b ). A nevus at a depth –60 m. 
Pseudo-colour scale: 0–2,100 ps. ( a ) By a 760-nm excita-
tion wavelength, dermal papillae ( white dots ) are sur-
rounded by  red  short-lifetime cells (melanin-containing 

cells), forming a junctional nest ( arrow ), whereas kerati-
nocytes ( white triangle ) appear  green . ( b ) By an excita-
tion wavelength of 800 nm, melanin-containing cells 
maintain their visibility, whereas keratinocytes disappear. 
Inside the papillae, collagen fi bres appear as  thick red  
(short-lifetime) fi laments       
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 fl uorescence decay time, and this immediately 
enables the determination of the melanocytic 
nature of the lesion (Fig.  9.3a ). To increase con-
trast for the distinction of image details, a 0–400 
scale is then applied (Fig.  9.3b ). At the super-
fi cial level, atypical MM cells appear as large 
short-lifetime cells with a nucleus with undefi ned 
contours and a nonhomogeneous cytoplasm with 
speckled melanin. A peripheral cytoplasmic halo 
is often observable due to variable lifetime values 
of different cell areas (Fig.  9.3 ). Deeper MM lay-
ers show atypical short-lifetime cells smaller in 
size with respect to those observable on the sur-
face; these are pleomorphic, variable in size and 
irregular in shape with a nonhomogeneous distri-
bution. At this level, atypical short-lifetime cells 
may form aggregates or nests and may infi ltrate 
dermal papillae and hair follicles. When dermal 
papillae are recognizable, these are not usually 
surrounded by a rim of regularly arranged mela-
nocytes; they are irregularly sized and shaped 
and are separated by interpapillary spaces of 
different thickness. An architectural disorder is 
always visible. In MM metastases, besides atypi-
cal short-lifetime cells, long-lifetime (lacking 
melanin) cell nests are intermingled with long- 
lifetime (collagen) fi bres (Fig.  9.10 ).

9.4        Advantages, Disadvantages 
and Future Objectives 
of MPT/FLIM 

 The morphology of MPT/FLIM images, acquired 
with a spatial resolution similar to that of histopa-
thology at high power magnifi cation, is extremely 
coherent with that of the histopathological analy-
sis, suggesting that this new technique, once fully 
developed, may replace histology [ 1 ,  10 ]. 

 Intensity images are visualized during the 
examination process in real time. FLIM images 
require a further elaboration to allow the opera-
tional system to develop a diagram of the fl uorescence 
decay time and to produce a pseudo-colour image 
[ 3 ,  22 ]. Not only does MPT/FLIM generate high 
resolution images providing highly informative 
morphologic details but it also enables the study 
of the kinetics of the fl uorescence decline and the 
calculation of the mean fl uorescence intensity and 
lifetime values for selected areas of interest such as 
the cytoplasm of single cells, providing numerical 
data for an objective assessment of physiologic and 
pathologic skin conditions [ 2 – 4 ,  22 ]. The subcellular 
spatial resolution study of tissue samples in three 
dimensions is made possible by the acquisition of 
a sequence of horizontal optical sections (stack). 

a b

  Fig. 9.10    Melanoma metastases. On the  left  ( a ), atypical melanocytes ( orange  short-lifetime cells) and collagen fi bres; on 
the  right  ( b ), nests of atypical long-lifetime cells (atypical melanocytes not producing melanin) intermingled with fi bres       
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Moreover, the nonlinear excitation produced by 
the NIR radiation allows a higher visualization of 
the deep dermis. The potential of this technique 
to provide an improvement in diagnostic accuracy 
is especially valuable for skin tumours, where an 
‘optical biopsy’ enabling a diagnosis on the basis 
of both architectural and cellular morphology and 
numerical parameters is immediately available. 

 Long-term studies of cutaneous affections can 
be performed by the repetition of the in vivo 
examination on the same explored skin site 
within short or long intervals, considering that 
this technique has proved noninvasive [ 9 ]. 

 On the other hand, the MPT/FLIM technique 
is at present unsuitable for continuous clinical 
use, since it presents some drawbacks consisting 
in a long acquisition/elaboration time of the 
images and the small fi eld of view. Thus, impor-
tant goals are both to reduce the acquisition time 
to avoid imaging deformities caused by voluntary 
and involuntary movements and to implement a 
device enabling the imaging of skin areas, large 
enough to be representative of the entire lesion.     
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10.1            Introduction 

 The skin is not only the largest organ of the 
human body but also represents a barrier to the 
environment, protecting our body from water 
loss, penetration of environmental pollutants and 
microorganisms [ 1 – 3 ]. The skin has also a social 
function, as people frequently associate success 
in their private and professional lives with young- 
looking, smooth skin [ 4 ]. Therefore, not only 
medical but also cosmetic aspects are to be con-
sidered in skin treatment. While topically applied 
medical products must penetrate through the skin 
barrier in order to become effective in the living 
cells, cosmetic products do not necessarily induce 
any medical effects [ 5 ]. In most cases, these 
products remain on the skin surface or in the 

upper corneal layers in order to protect the skin 
(e.g., sunscreens) or to stabilise the dermal bar-
rier (e.g., skin protection creams or lotions). 
Sometimes, in particular with respect to anti- 
aging creams, it is diffi cult to distinguish medical 
from cosmetic products. 

 The development, optimisation and evaluation 
of topically applied medical and cosmetic prod-
ucts focuses, inter alia, on analysing the kinetics 
of local penetration and deposition of formula-
tions in the skin as well as changes in skin physi-
ological parameters during therapy [ 6 – 8 ]. For 
this purpose, a number of experimental ex vivo 
models have been used for their investigation. 
With the introduction of laser scanning micros-
copy, a number of these clinical investigations 
may now be performed non-invasively in human 
skin [ 9 ]. Moreover, based on its high resolution 
laser scanning microscopy allows the analysis of 
cellular structures and thereby detection of histo-
pathological changes in vivo and in real time 
[ 10 ]. Laser scanning microscopes can be oper-
ated in fl uorescence and in refl ectance mode. 

 In fl uorescence mode, exogenous fl uorescent 
dyes are required for visualisation of cellular 
structures. In this way, the differential penetra-
tion and redistribution of topically applied fl uo-
rescent dyes or fl uorescence-labelled substances 
can be visualised using a fl uorescence confocal 
laser scanning microscope [ 11 ]. Refl ectance con-
focal laser scanning microscopy (RCLSM) on 
the other hand is based on the detection of the 
refl ected light coming from horizontal planes 
within the tissue. With RCLSM imaging, no 
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exogenous contrast is required for image genera-
tion. Recent technical advancements in optical 
research have combined the advantages of both 
techniques for evaluation of human skin [ 12 ]. 

 In this chapter, the use of confocal laser scan-
ning microscopy in fl uorescence mode (FCLSM) 
and in refl ectance mode in dermatology and cuta-
neous physiology is described. 

 Figure  10.1a  depicts the in vivo laser scanning 
microscope Stratum (Optilas, Melbourne, Australia) 
[ 13 ]. This system consists of a handheld scanning 
device, which is used for tissue illumination and 

fl uorescence detection. Following the intracutane-
ous administration of an exogenous fl uorophore, a 
coherent argon-ion laser light source (λ = 488 nm) 
is used to illuminate the fl uorescent molecules. 
Emitted tissue fl uorescence is propagated through 
the optical fi bres and detected by the optical system. 
By using a fl uorescence barrier fi lter, backscattered 
or refl ected light will not be propagated, enabling 
the high resolution of FCLSM images. The fl ex-
ible design of the hand piece allows the examina-
tion of any anatomical body site in patients and 
volunteers.

a

b

  Fig. 10.1    ( a ) – In vivo laser 
scanning microscope 
Stratum and volunteer; 
( b ) – multiphoton tomograph 
and volunteer       
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   Figure  10.1b  shows an application of the 
multiphoton tomograph (Jenlab GmbH, Jena, 
Germany) [ 14 ]. The optical principle is the simul-
taneous absorption of two or more photons by a 
fl uorophore and the simultaneous emission of 
one photon with a shorter wavelength. The sys-
tem employs a titanium sapphire laser (Mai Tai 
XF, Spectra-Physics, USA) for tissue illumina-
tion with a spectral wavelength ranging from 710 
to 920 nm, generating femtosecond pulses. For 
in vivo examination of human skin, ultrashort 
pulses with low average energy are used in order 
to avoid tissue damage during the imaging pro-
cess. The presence of endogenous fl uorescent 
biomolecules/structures with fl uorescent proper-
ties is used for image generation.  

10.2     Representation of Dermal 
Structures by Histology and 
Laser Scanning Microscopy 

 Figure  10.2  shows a histological section of a skin 
sample derived from a healthy volunteer’s fore-
arm. Routine histology allows the visualisation 
of all cell layers in vertical sections thereby 
clearly distinguishing, i.e., the stratum corneum 
(SC), the epidermis (EP) and the dermis (DE). In 
contrast to routine histology, images obtained by 
fl uorescence confocal laser scanning microscopy 

are  oriented within the horizontal plane, parallel 
to the skin surface, yielding en face optical 
sections.

   Figure  10.3  represents the various cell layers 
imaged by multiphoton laser scanning micros-
copy, namely, the stratum corneum (a), the stra-
tum spongiosum (b) and stratum basale (c).

   Figure  10.4  shows the stratum corneum (a, 
c) and the basal layer (b, d) including the pap-
illary structure, comparing histological sections 
obtained in parallel to the skin surface (a, b) to 
images taken with the fl uorescence laser scan-
ning microscope Stratum (c, d).

   The invasive character of biopsies does not 
allow an assessment over time, and the tis-
sue removal and histological processing may 
result in artefacts, further limiting its clinical 
applicability. 

 Moreover, for ethical reasons taking large 
number of biopsies from a study patient or volun-
teer might be discussed critically based on the 
consecutive scar formation or possible cosmetic 
disfi gurement. 

 In contrast, laser scanning microscopy is 
 performed non-invasively and in vivo, providing 
images at a resolution comparable to routine 
 histology. Because of this non-invasive character 
of CLSM, this technique allows the serial 
 examination of the same skin area over time 
without tissue damage or processing artefacts.  

  Fig. 10.2    Histological 
section showing the stratum 
corneum ( SC ), the epidermis 
( EP ) and the dermis ( DE )       
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a b

c d

  Fig. 10.4    Comparison between    a horizontal histological section ( a ,  b ) and FCLSM images ( c ,  d ); stratum corneum 
( SC ), stratum spinosum ( SS ), stratum basale ( SB ), papillary structure ( PS )       

a b c

  Fig. 10.3    Series of multiphoton/images of the cellular structures; ( a ) – stratum corneum, ( b ) – stratum spongiosum, 
( c ) – stratum basale       
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10.3     Characterisation of the 
Skin Barrier 

 An intact skin barrier is of vital importance for the 
protection of the human body. The reasons for 
disturbances of the skin barrier can be manifold, 
ranging from genetic predisposition, exogenous 
factors or the presence of acute to chronic infl am-
matory skin conditions [ 15 ]. A common way to 
analyse the skin barrier is the measurement of the 
transepidermal water loss (TEWL) [ 16 ,  17 ]. 
These TEWL measurements are based on the 
concept that even the skin barrier of healthy skin 
is penetrated by small amounts of water vapour. 
This water vapour can be measured using a sensor 
containing a highly sensitive capacitor, changing 
its capacity depending on the water evaporating 
from the skin. TEWL values rise in correlation 
with increasing barrier defects. The advantage of 
this method is that the measurements yield numer-
ical values, which are well suited to evaluate 
kinetic processes, e.g., in wound healing. 

 However, TEWL measurements are extremely 
susceptible to failure [ 18 ]. For these measure-
ments, standardised conditions in terms of 
 temperature and air humidity are indispensable 
and the volunteers must not sweat. Topically 
applied water-containing formulations can 
strongly infl uence the TEWL measurements 
since the water included within the formulations 

can evaporate and interfere with measurements. 
Moreover, skin care products can form protective 
fi lms on the skin surface, thereby retaining the 
moisture in the skin barrier. These protective 
fi lms can be easily destroyed when the sensor is 
positioned on the measuring site during TEWL 
measurements [ 19 ]. Damage to the fi lm can give 
rise to an increase in the TEWL values, suggest-
ing that a barrier defect has occurred as a result of 
the topical treatment. Topically applied products 
show a verifi able improvement in the barrier 
properties but can lead to misinterpretation of the 
TEWL values. This situation is exemplarily rep-
resented in Fig.  10.5 . After application of a care 
cream for 2 weeks, a protective fi lm developed 
on the surface of the stratum corneum (Fig.  10.5a ). 
The TEWL measurements show increased values 
after the treatment: This, in turn, indicates that 
the barrier damage is increasing, too. In contrast 
to these results, all volunteers with extremely dry 
skin prior to treatment reported that their skin 
properties had distinctly improved during the 
cream application. This subjective clinical self- 
assessment was confi rmed by objective laser 
scanning microscopy analyses. Figure  10.5  
depicts the status of a volunteer’s skin prior to (b) 
and after treatment (c) with the care product. The 
dry skin (Fig.  10.5b ) shows an irregular, 
 mountain- like arrangement of the corneocytes, 
while the skin structure after the treatment 

  Fig. 10.5    FCLSM images: ( a ) – protective fi lm of a formulation on the skin; ( b ) – dry skin; ( c ) – normal skin       

a b 
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(Fig.  10.5c ) reveals a regular honeycomb-like 
stru  cture of the corneocytes as typical for 
healthy skin.

   The skin barrier can also be characterised by the 
thickness of the corneal layers. Particularly in epi-
dermal wound healing, where the stratum corneum 
is regenerating, determination of the thickness may 
give valuable information with respect to the evolu-
tion of therapy and optimisation. In Fig.  10.2  the 
stratum corneum is clearly visible in the histologi-
cal section. However, the thickness of the stratum 
corneum of this histological section does not neces-
sarily correlate with the situation in vivo, since the 
sample is subjected to hydration when the tissue is 
processed for routine histology and the sections are 
stained. Apart from the optical coherent tomogra-
phy, laser scanning and multiphoton microscopy 
can be used to determine the layer thickness of the 
stratum  corneum [ 20 ]. At the beginning of the epi-
dermal imaging, the laser is focused on the surface 
of the stratum corneum (Fig.  10.6a ). Subsequently 
the laser focus is moved deeply into the stratum 
corneum until the fi rst cell layer of the stratum 
granulosum (SG) becomes visible as shown in 
Fig.  10.6b . In the bottom left-hand corner, the cor-
neocytes of the stratum corneum are well recogni-
sable, while moving deeper within the epidermis, 
the stratum granulosum comes into sight in the top 
right-hand corner. The distance of the laser focus 

from the surface of the stratum corneum to the SC/
SG boundary layer corresponds to the real in vivo 
layer thickness of the skin barrier.

   Furthermore, artifi cial interruptions of the 
skin barrier as induced when using microneedles 
can be visualised and analysed by the application 
of a fl uorescent dye [ 21 ].  

10.4     Penetration of Topically 
Applied Substances 

 There are two pathways for topically applied 
drugs to penetrate through the skin barrier. Drugs 
can penetrate the skin barrier by either the inter-
cellular pathway within the lipid layers around the 
corneocytes or by entering the hair follicles [ 22 ]. 

 The penetration into the hair follicles, how-
ever, does not necessarily mean that the drug 
passes the barrier of the hair follicles reaching the 
living cells [ 23 ].    The barrier structure of the upper 
part of the hair follicle in the upper part is com-
parable to that of the stratum corneum. In deeper 
parts, tight junctions make up the barrier [ 24 ]. 
The kinetics of the drug penetration is dependent 
on the composition of the skin barrier as well as 
the type of the topically applied substance. Once 
the drug passes the barrier, it will enter the circu-
latory system, either via the lymphatic system or 
by cells that have taken up the drug. The process 
of intercellular penetration can be easily analysed 
using FCLSM since the process takes place within 
the technically limited imaging depths of the sys-
tem.    While the stratum corneum is roughly 15 μm 
thick, the skin at the palms of the hands and soles 
of the feet is signifi cantly thicker measuring up 
to 150 μm. The human vellus hair follicles reach 
as deep as 250 μm and the terminal hair follicles 
even up to 1 mm into the skin [ 25 ]. Consequently, 
the drug penetration into the hair follicles can only 
be visualised and analysed in the upper part of the 
follicles because of the limited penetration depth 
of the laser light (approximately 150 μm). For this 
reason, in vivo FCLSM is of limited use for quan-
titative penetration studies of drugs into the hair 
follicles. Therefore, other  non-invasive  methods 
like differential stripping were  developed to anal-
yse also the follicular penetration [ 26 ]. 

c

Fig. 10.5 (continued)
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 In vivo FCLSM is a promising tool for the 
investigation of drug penetration into and past 
the stratum corneum. Since the fl at corneocytes 
are permeable to laser and fl uorescence light 
within the wavelength spectrum of 480–
600 nm, the  distribution of fl uorescent or fl uo-
rescence-labelled substances can be easily 
detected. 

 The structure of the stratum corneum can be 
schematically described as a brick-and-mortar 
model according to Elias et al. [ 27 ]. In this model, 
the corneocytes represent the bricks and the lipid 
layers the mortar as illustrated in Fig.  10.7a . 
Topically applied substances (Fig.  10.7b ) 
 penetrate into deeper layers of the stratum cor-
neum as shown in Figs.  10.7b, c .

  Fig. 10.6    FCLSM    images: separating skin layers (stratum corneum ( SC ) (a), stratum corneum ( SC )/stratum granulo-
sum ( SG ) (b)) for determination of the thickness of the skin barrier       

a b

a

b

c  Fig. 10.7    Bricks-and-mortar 
model according to Peter 
Elias; the substance is 
topically applied ( a ) and 
penetrates deeper into the 
stratum corneum ( b ,  c )       
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   In Fig.  10.8 , the penetration process of 
 substances is demonstrated by in vivo laser scan-
ning microscopy. Immediately after application, 
the localisation of the formulation is restricted to 
the skin surface including the fi rst cell layers of the 
corneocytes. After a penetration time of 20 min, 
additional layers of corneocytes are visible. As the 
structure of these cell layers is offset, they can be 
easily counted. Figure  10.8  shows a formulation 
detectable as deep as in the sixth cell layer of cor-
neocytes [ 9 ]. Differences in the penetration kinet-
ics of different formulations can be analysed by 
this method. However, the penetrating substance 
cannot be analysed quantifi ed within the epidermis 
since the fl uorescent signals cannot be allocated to 

single layers. However, when the penetration 
kinetics is studied by in vivo laser scanning 
microscopy, the amount of topically applied sub-
stances in the different depths of the stratum cor-
neum at different times can be quantifi ed by the 
tape stripping procedure. The quantifi cation of 
drugs using the tape stripping procedure is a non-
invasive method that has been successfully used 
for the quantifi cation of various drugs [ 28 – 31 ].

   In case of an intact barrier, only 0.1–1 % of the 
topically applied drug passes through the skin 
barrier dependent on the chemical properties of 
the tested drug [ 32 ]. The detection of these small 
amounts of drugs in the viable dermis is almost 
impossible by fl uorescence laser scanning micros-

a b

  Fig. 10.8    FCLSM images: penetration of formulations into the SC; ( a ) – immediately after application; ( b ) – 20 min. 
after application       
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copy. The rich blood perfusion of the  dermis and 
the drainage of the tissue by the  lymphatic system 
as well as the phagocytosis of immune cells 
diminish the concentration of the drugs  rapidly, 
thus preventing their large-scale accumulation. 

 The penetration of zinc oxide (ZnO) nanopar-
ticles, which are commonly used in sunscreens, is 
discussed controversially in the literature [ 33 ,  34 ]. 
Non-linear properties of ZnO nanoparticles such 
as a second harmonic generation (SHG) and hyper-
Rayleigh scattering were used for their visualisa-
tion [ 35 ,  36 ]. In this regard, a specifi cally developed 
channel was embedded into the  multiphoton 
microscope. The detection limit of 0.08 fg/μm 3  
was  estimated for ZnO nanoparticles (30 nm in 

diameter). Taking advantage of the high sensitivity 
obtained, it was clearly shown in in vivo measure-
ments that ZnO nanoparticles penetrate only in the 
outermost layers of the SC, furrows, wrinkles and 
orifi ces of the hair follicles, but do not get into con-
tact with the viable epidermis [ 37 ]. 

 The kinetics of the drug distribution within the 
stratum corneum provides clues about the pene-
tration properties of the drug through the skin 
barrier. In damaged skin, signifi cant amounts of 
topically applied drugs could reach the living 
cells. Recently it was reported that cold electrical 
plasma, which can be used for skin disinfection, 
strongly stimulates the penetration of topically 
applied substances [ 38 ]. Figure  10.9  represents 

a b

c

  Fig. 10.9    FCLSM images   : before plasma treatment fl uorescent dye could be detected only on the skin surface ( a ); after 
plasma treatment it could be detected also in the stratum basale ( b ) and around the papillary structure ( c )       
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the distribution of a formulation-containing fl uo-
rescent dye on the surface of porcine ear skin, 
which is an appropriate in vitro model for human 
skin. Without plasma treatment, the fl uorescence 
signal can be detected only on the skin surface 
60 min after application, yet.

   When the skin had been treated with the plasma 
jet after topical application of the formulation, the 
fl uorescent dye was detected also in the basal layer 
and in the papillary dermis at high concentrations, 
as evidenced by the strong fl uorescence signal.  

10.5     Distinction Between Intact 
and Infl ammatory Skin 
by In Vivo Multiphoton 
Microscopy 

 Figure  10.3  illustrates the different cell layers of 
healthy skin. In the case of infl ammatory 
 processes such as atopic dermatitis or psoriasis, 
the structure of the skin barrier – the stratum 
 corneum – is strongly disturbed, impairing 
the visualisation of a regular stratum corneum. 
Underneath within the viable epidermis, 
 infl ammatory cells are detected as demonstrated 
in Fig.  10.10 . In addition, enlarged intercellular 
spaces may be observed, likely corresponding to 
spongiosis. Figure  10.11  compares the basal 
layer of a psoriatic lesion to the basal layer of 

corresponding healthy skin, whereby the enlarged 
intercellular spaces can be clearly recognised.

10.6         Distinction Between 
Different Types of Skin 
Cancer 

 Actinic keratosis and basal cell carcinoma repre-
sent the most common subtypes of non- melanoma 
skin cancer and may be diffi cult to distinguish on 
clinical examination alone. However, since   Fig 10.10    Infl ammatory cells detected by MPT       

a

b

  Fig. 10.11    Enlarged intracellular space of psoriatic 
lesion ( a ) compared to healthy skin ( b ) imaged by multi-
photon tomography       
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respective treatment regimen may vary consider-
ably, the correct diagnosis is essential for appro-
priate therapeutic management. While actinic 
keratosis has been recognised as an early-stage, in 
situ squamous cell carcinoma, basal cell carci-
noma has been defi ned as a semimalignant type of 
skin cancer, with a variety of clinical presenta-
tions and histological variants [ 13 ]. Histologic 
hallmarks of actinic keratoses are frequently 
hyperkeratosis, parakeratosis and the presence of 
 keratinocyte atypia, while basal cell carcinoma 
shows lobular arrangements of neoplastic cells 

derived from the basal layer of the skin and the 
follicular epithelium. While hyperkeratosis is 
more characteristic for actinic keratosis, histolog-
ical evaluations have shown an increased tortuos-
ity of blood vessels as more typical for basal cell 
carcinoma. Figure  10.12a  shows a histological 
section through a basal cell carcinoma. The 
increased tortuosity of the blood vessels is marked 
by an arrow. Corresponding fi ndings may also be 
detected by in vivo laser scanning microscopy as 
shown in Fig.  10.12b . Figure  10.13a  showing a 
histological section of an actinic keratosis is 
 presented, while the corresponding in vivo laser 

a

b

  Fig. 10.12    Basal cell carcinoma: histological section ( a ) 
compared to in vivo RCLSM measurement (increased tor-
tuosity of blood vessels) ( b )       

a

b

  Fig. 10.13    Histological section showing actinic keratosis 
( a ); RCLSM image of actinic keratosis with visible hyper-
keratoses ( b )       
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scanning microscopic image is shown in 
Fig.  10.13b . Both fi gures illustrate that both cel-
lular and structural features of these two types of 
cancer may be documented by in vivo laser scan-
ning microscopy. Considering these fi ndings, in 
vivo laser scanning microscopy may be used as an 
adjunct diagnostic tool, thereby avoiding unnec-
essary biopsy procedures. Considering a rapid, in 
vivo diagnosis, CLSM may minimise delays 
before the initiation of appropriate therapy. In 
addition CLSM may be useful for monitoring the 
treatment outcome of non-invasive therapies, ulti-
mately avoiding excisions altogether. The latter 
may be of particular importance with respect to 
the increased development of topical therapies for 
treatment of skin cancer, where the local applica-
tion of drugs permits therapeutic methods which 
render the excision of the lesions unnecessary.

        Conclusions 

 In vivo laser scanning microscopy is well 
suited to characterise the structural integrity of 
the skin barrier. It permits to evaluate the 
infl uence of topically applied drugs and cos-
metic products on barrier repair. The kinetics 
of the penetration of fl uorescent or fl uores-
cence-labelled substances can be investigated 
by this method non- invasively. In addition, in 
vivo laser scanning microscopy can be used as 
an adjunct to clinical diagnosis and for moni-
toring therapeutic outcome based on the non-
invasive morphological analysis. Current 
literature suggests that confocal laser scan-
ning microscopy may serve as a substitute to 
invasive histological investigations. In com-
parison to histological analysis, in vivo laser 
scanning microscopy offers a painless, non-
invasive and rapid diagnostic tool investigat-
ing human skin in its native state and in vivo. 
Limitations of confocal laser scanning micros-
copy include the limited optical penetration 
depending on the wavelength used by the 
respective system. The fl uorescence mode 
using an argon laser irradiating at 488 nm is 
limited to 150–200 μm penetration depth, 
whereas the refl ectance mode using a wave-
length above 700 nm can penetrate deeper. 

 The disadvantage of in vivo laser scanning 
microscopy, however, is that it is still very 
expensive. In the light of the rapid development 
and progressive miniaturisation of the measur-
ing systems, it can be expected that these sys-
tems will get smaller in size, ultimately 
decreasing respective costs for acquisition, 
such that they can be widely applied in derma-
tology and cosmetology.     
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        Telethermography (TT) is a technique in which an 
infrared camera captures infrared or caloric 
energy from a distant object and transforms it into 
video images, without any contact (Fig.  11.1 ) [ 1 ]. 
Each of the light points that compose these images 
has a correspondent thermal (infrared) point of 
the source. TT allows to overcome the limits of 
traditional thermometric methods (e.g., thermom-
eters, thermocouples, and thermistors) that 
required, fi rst of all, to plot the temperature point 
by point and, in a second time, the recomposition 
of them in a “thermal map.” In fact, TT gives the 
possibility to visualize at a glance all the thermal 
gradients on the skin surfaces under observation 
and, moreover, to check their modifi cations either 
during physiopathological processes or during 
experimental studies (e.g., vasoactive drugs).

11.1       Physical Basis 

 TT is based on the principle that above the zero 
point of the absolute temperature (−273 °C), any-
body emits a quantity of infrared radiation that is 
proportional to its absolute temperature accord-
ing to the Stefan-Boltzmann law ( R  =  εσT  4 , where 
 σ  is a constant,  T  is the absolute temperature, and 
 ε  is the emissivity of the body;  ε  varies from 0 to 
1 and for skin is equal to 1).  

11.2     Instruments 

    TT employs a thermal camera that recalls a video 
camera in which special lens made of silicon or 
germanium captures the energetic infrared band 
of the electromagnetic spectrum. This band is 
rapidly decomposed by means of two rotating 
orthogonal prisms into packets of infrared energy 
that are then transmitted to special sensors made 
of crystals of indium antimonide or cadmium tel-
luride. These crystals convert the electromag-
netic incident energy into electrical signals, 
which are transmitted to a cathode ray tube and 
transformed into video images. Inside, special 
insulating devices, such as liquid nitrogen 
(−196 °C) or thermocouples (Peltier effect), 
eliminate the interference of ambient temperature 
and obtain maximum sensitivity. The system has 
a spatial resolution of approximately 0.001 mm 
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  Fig. 11.1       A FLIR® thermographic camera provided by a 
PC for elaboration and storage of the IR images       
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per pixel and a time resolution of a few 
milliseconds. 

 Thermal images in gray appear on the moni-
tor as a continuous varying of tones, from gray 
black (for the coldest points) to gray white (for 
the hottest points). The video images can also be 
displayed in bands of colors, generally on a scale 
of eight colors or more, the yellow color conven-
tionally indicating the hottest band and blue 
color indicating the coolest. The differences of 
temperature between two different tonalities of 
gray or two bands of colors are defi ned as 
“ thermal gradients,” and are expressed as °C or 
fractions, and express the sensitivity of the 
instruments. The present sensitivity ranges from 
a minimum of three tenth of °C to maximum val-
ues, other than dozen of °C, according the cir-
cumstances. To let possible to repeat and 
compare the results obtained, the instruments are 
continuously automatically adjusted to the abso-
lute temperature (margin radiometric error of 
adjustment, ±1 °C). 

 To have a good image, the operator adjusts the 
visual thermal fi eld to the cutaneous area under 
observation, so that the image could contain all 
the proper thermal points, from the hottest points 
to the coolest ones. These instruments are con-
nected to a PC, and specifi c software enables the 
images to be acquired, processed, and registered. 
TT is a safe and repeatable method, giving us the 
possibility for many applications in the fi eld of 
dermatology and cosmetology.  

11.3     Thermography 
with Thermal Stress 

 The application of TT in the fi eld of clinical and 
experimental dermatology and in cosmetology is 
limited by the fact that the thermal gradients of 
the skin are often much less than 0,02 °C, that are 
the limits of the current thermographic devices. 
This fact limits the possibility to study anatomi-
cal variations but also physiological and patho-
logical processes in dermatology. 

 To overcome this problem, some methods 
have been introduced by many authors, similar to 
what has happened in other fi elds in which TT is 
also applied (industry, antiquities, veterinary, 
etc.). These methods are each time called as 
dynamic, or active, or pulsed TT [ 2 – 7 ], in con-
trast with the “direct TT.” Among these, the ther-
mal stimulation method (TS) has been previously 
described by us [ 8 – 10 ] (Fig.  11.2 ). TS permits to 
perform a thermal stress under controlled condi-
tions, respectively, at +5 °C ×20″, for a “cold 
stress,” or at +40 °C ×20″ in case of “hot stress.” 
   By practice, after performed thermal stress, it is 
possible, starting from the time 0 (= the end of 
stress), to follow on the monitor the times of 
recovery of thermal gradients, second by second 
(Figs.  11.3a–c ). These thermal recovery times 
(TRT) will be very short in case of high basal 
thermal gradients and will be longer in case of 
low basal thermal gradients. So by this method, 
thermal gradients are evaluated through minutes 
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coldstress:
+5°C×20˝

Device’s max sensitivity
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0
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  Fig. 11.2    Principle of thermal 
stress       
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or seconds, instead of degrees centigrade (°C), 
permitting to reach a great improvement as sensi-
tivity and accuracy, as compared to the “direct” 
TT. Using a TS at 5 °C ×20″, the healthy skin 
shows generally a TRT ≥2 min. A reduction of 
TRT of thermal gradients (<2 min) means that 
there is an increased thermal conductivity in this 
area of the skin. This fact could depend on differ-
ent causes: vascular, metabolic, tumoral, and 
infl ammatory.

    In case of vasoconstrictive conditions, e.g., the 
smoking effect, a “hot” stress is more convenient 
(+40 °C ×20″). 

 Another advantage is the fact that using TS 
method is no more necessary to provide to the 
climatization of the subjects in the room, as it 
normally is requested for the direct TT.  

11.4     Clinical Applications 

11.4.1     Melanoma 

 The clinical use of telethermography in the study of 
skin cancers was introduced by Brasfi eld, the 
reported malignant melanoma as having a very 
high hyperthermic gradients [ 11 ]. Then, other 
researchers confi rmed this report and also described 
a specifi c thermographic pattern of the melanoma 
[ 12 ,  13 ]. Afterwards, TT was criticized from other 
authors, because of its reduced sensitivity and 
specifi city and for the high frequency of false- 
positive and false-negative. This was observed not 
only in the case of melanoma but also in other 
tumors of external organs [ 14 ,  15 ]. The application 
of TT assisted by TS is very useful in these cases. 

a

b

c

  Fig. 11.3    ( a ) Melanoma of the back. A bright hyperther-
mic stria is direct toward the nearer nodal station. Note 
also the hyperthermic perilesional halo. ( b ) Thermographic 
pattern    of melanoma. Note the hyperthermic gradients of 

the tumor surface and the hyperthermic gradients of the 
halo (arrow) ( comet sign ). ( c ) Another thermographic  
aspect of melanoma. “Candle sign”       
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In a more extensive study, a number of 402 mela-
nomas at different thickness (Breslow’s criteria) 
were evaluated. As results, a rapid TRT was seen in 
all the melanomas, except in cases of “in situ” mel-
anoma, or at a Breslow’s thickness <0.76 mm [ 16 ]. 
This fact means that a reduced critical mass of the 
tumor does not permit at direct TT to identify the 
tumor. Hence, TT assisted by TS method allows a 
precise defi nition of the thermographic pattern of 
the malignant melanoma, characterized by a hyper-
thermic halo and its extension toward the nearer 
nodal stations, named by the authors as  thermal 
fl ame or comet sign  (Fig.  11.3a–c ).  

11.4.2     Patch Tests and MED 

 TT with TS is useful for objectively evaluating 
patch tests in allergic contact dermatitis, 
 particularly when clinical evaluation is diffi cult 

to  perform, as happens in case of atopic or 
 brown-skinned individuals [ 17 – 20 ]. In the fi eld 
of photodermatology, TT with TS allows to quan-
tify the minimal erythema dose (MED), until 
now evaluated on subjective criteria and only on 
fair skin (Fig.  11.4a–c ).

11.4.3        Microangiopathies 

 Under conditions of thermal equilibrium of the sub-
ject in the room (T = +21 °C, RH = 50 %), skin tem-
perature is determined by the blood fl ow in the 
papillary dermis [ 21 ]. This is the nutritional fl ow of 
the skin that is much lower than that of other organs 
(e.g., heart muscle), because of the reduced meta-
bolic request of the skin. For this reason, minimal 
changes in the thermal gradients are barely detect-
able by direct TT. Nevertheless, this subtle part of 
the skin, also called “epidermal- dermal unit,” is the 

a b

c

  Fig. 11.4    ( a ) Clinical evaluation of the MED (arrow). ( b ) Thermographic evaluation of MED in the same subject. ( c ) 
The same thermogram of ( b ) that shows semiquantitative data of MED       
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site of numerous dermatological microangiopathies, 
as are observed in the aging and diabetic skin, con-
nective tissue disease (e.g., scleroderma) [ 22 ], as 
well as in smokers [ 23 ,  24 ]. In a previous study on 
diabetic subjects, we found, by means of TT assisted 
by TS, a signifi cantly prolonged TRT in the group of 
individuals with insulin-dependent diabetes (ID), 
while in non-ID diabetic subjects the TRT had the 
same values of healthy individuals [ 25 ]. In the aging 
skin, it has been observed a different pattern between 

photoaging and chronoaging, in relation to differ-
ences in vascular damage [ 26 ] (Fig.  11.5a–c ).

   In the so-called cellulite, a characteristic 
“leopard-like” image has been described, con-
sisting of small, medium, and large areas, corre-
sponding to different grades of this anti-esthetic 
condition. This provides the new possibility to 
have an objective evaluation of the real effects of 
the remedies that are continuously proposed in 
the market [ 27 ] (Fig.  11.6a–d ).

  Fig. 11.5    ( a ) Thermographic pattern of the face of a 
young girl. Note the regular decalage of thermal gradients. 
( b ) Thermographic aspect of the face of an old clerk 

( chronoaging). Note the altered thermographic pattern. ( c ) 
Thermographic pattern of the face of an old farmer (photo-
aging) Note the severe alterations of the vascular pattern         

a

b
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11.4.4        Blanching Effect 

 In the evaluation of the “potency” of topical 
corticosteroids, it is possible to better study the 
vasoconstriction effect, or “blanching” effect 
according to McKenzie’s criteria, using a “hot” 
stimulus (+40 °C ×20″). This method allows 
for the evaluation not only of the “potency” of 
different steroid’s classes in terms of TRT but 
also of the “reservoir effect” at skin level, a 
particular pharmacological aspect until now 
evaluated through complex experimental 
investigations or based on theoretical studies 
[ 28 ,  29 ] (Fig.  11.7a, b ). Other skin diseases 
that have a vascular pattern such as psoriasis 
could be well followed after a specifi c 
therapy [ 30 ].

c

Fig. 11.5 (continued)

  Fig. 11.6    ( a ) Normal subject in the “cellulite” sites. ( b ) 
“Cellulite” of a young girl. Regular hot spots showing a 
low thermal gradients.  Moucheté pattern . ( c ) “Cellulite” 
of an obese girl. Note the large hyperthermic areas. ( d ) 
Pattern of cellulite of an obese menopausal woman. Note 
the deeply disorganized thermographic pattern           

a 
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b

c

d

Fig. 11.6 (continued)
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11.4.5        Dermocosmetology 

 By means of TT assisted by TS, we have studied 
the percutaneous absorption of cosmetic prepara-
tions. Following the papers of Engel and other 
authors [ 31 ,  32 ], we compared the effect of a 
simple cosmetic cream to a cream containing a 
vasoactive substance (   bufl omedil chlorhydrate) 
in ten subjects and, parallelly, in other ten sub-
jects the same cosmetic cream vs. a polyethylene 
sheet 20 × 20 cm applied to the back skin for 2 h. 
Then we followed by on time the modifi cation of 
the thermal gradients. The results showed that 
cosmetic cream had a hyperthermic effect on 
the skin; yet, the hyperthermic gradient was 

 surprisingly higher than vasoactive cream and 
similar to the plastic sheet. These data could sug-
gest that the hyperthermic effect is attributable 
mainly to the chemical-physical activity of these 
preparations, more than pharmacological activity 
of their components. This phenomenon probably 
occurs through a blocking of the  perspiratio 
insensibilis , with a consequent increase in the 
temperature of the underlying tissue (“greenhouse 
effect”) [ 33 ]. This is related to a vasodilatation of 
arterioles and capillaries of the papillary dermis 
that causes a rise of the fl ow of the water and also 
electrolytes in the tissue    (Fig.  11.8a–d ). Clinically, 
this effect translates into a more moisturized, vel-
vety, and soft skin. On these bases, it is possible to 

HYDROCORTIS.

A

B

A

B

HYDROCORTIS.

a

b

  Fig. 11.7    ( a ) Evaluation of 
“potency” of two steroids vs. 
hydrocortisone. Thermal 
stress performed at +40 °C 
×20″. ( b ) The same case of 
the ( a ) Color thermogram. 
Note the possibility to 
“measure” the potency of 
three different steroids       
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  Fig. 11.8    ( a )    Vasoactive cream ( B  bufl omedil) vs. poly-
ethylene sheet. ( b ) Observe the soft, velvet skin, soon 
after having removed the plastic sheet, maintained in 
occlusion for 2 h. ( c ) The diagram shows the different 

times of thermal recovery after thermal stimulation at 
+40 °C ×20″. ( d ) A schematic drawn to explain a possible 
local thermal effect provoked by the application of topical 
substances ( greenhouse effect )         
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hypothesize that the same effect happens after the 
application of the so-called beauty masks. These 
data allow to be considered the cosmetic prepara-
tions as possible active chemical-physical barri-
ers, suggesting the need for further investigations 
under this particular view.

   In conclusion, TT assisted by TS can be con-
sidered a very useful method for studying not 
only neoplastic and microvascular skin diseases 
but also for clinical and investigative  applications 
in the fi eld of esthetic medicine.      
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12.1            History 

 The structure of the microcirculation was discov-
ered in 1662 by a physician from Bologna, Marcello 
Malpighi, who described the tiny vessels of the 
frog lung, comparing them to the human hair. 

 Using his father’s microscope, Jan 
Swammerdam later started to study tadpoles and 
their blood. Herman Boerhaave (1668–1738) 
(Boravius) was the fi rst to use conjunctival bio-
microscopy to observe intravasal aggregation of 
erythrocytes in the eyes of feverish patients. 

 Lazzaro Spallanzani (1729–1799) described 
white blood cells in the blood of the salamander 
but mistakenly thought them to be air bubbles. 

 In 1912, Lombard discovered that morphol-
ogy of skin capillaries could be studied under the 
microscope in the periungual site (proximal nail 
fold), after applying a drop of paraffi n oil. 
Lombard was the father of capillaroscopy test on 
mankind. 

 In 1949, Knisely and Bloch expressed two 
concepts of fundamental importance:
    1.    The overlapping between the status of a dis-

trict’s microcirculation and that of all other 
districts; the integrity of a district is based on 
the integrity of its microcirculation.     
 At the beginning of the twentieth century, 

Brown and O’Leary used the capillaroscopy test 
to observe in detail the anomalies that charac-
terized the involvement of the microcirculation 
 during Raynaud’s phenomenon in systemic 
sclerosis. 

 In 1973, Maricq and collaborators published 
an article that fi rst described the existence of spe-
cifi c patterns of progressive systemic sclerosis 
(PSS) and the changes in blood fl ow during cold 
exposure in patients with primary and secondary 
Raynaud’s phenomenon.  

12.2     Capillaroscopy 

 The “-scopy” suffi x indicates a diagnostic method 
based on human observation while using optical 
instruments. This technique evolved coupling the 
optical system with the electronic system to 
obtain digital images, visualize them on the 
screen, and save them on a magnetic support. The 
goal was to obtain a digital image as similar as 
possible to the vision of the human eye. This was 
extremely important to allow performing a timely 
and reliable follow-up.  
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12.3     Applications 

•     Angiology  
•   Phlebology  
•   Vascular surgery  
•   Plastic surgery  
•   Rheumatology  
•   Odontostomatology    

 The following are some of the possible 
applications:
•    Microangiopathies of primary dermatology 

expression (psoriasis, lichen, oncological der-
matology, mouth burning syndrome, oral 
lichen, mal perforant ulcer, alopecia areata, 
pyoderma gangrenosum, livedo reticularis , 
angiodermatitis of the lower limbs)  

•   Systemic microangiopathies (Raynaud’s syn-
drome and diseases, scleroderma, Sjögren’s 
syndrome, systemic lupus erythematosus, 
rheumatoid arthritis, vasculitis, polyarteritis 
nodosa)     

12.4     Observation Parameters 

12.4.1     Morphological or Static 
Observation Parameters 

•     Locoregional microangiotectonics  
•   Visibility  
•   Loop morphology  
•   Loop orientation  
•   Capillary density  
•   Loop length  
•   Loop diameter  
•   Loop-dermal papilla distance     

12.4.2     Functional or Dynamic 
Observation Parameters 

•     Presence of erythrocyte aggregation  
•   Flow velocity reduction  
•   Stasis  
•   Erythrocytes “come and go” movement  
•   Rapid blood fl ow  
•   Intermittent blood fl ow  
•   Constant blood fl ow      

12.5     Performing the Test 

 The test must be performed in a controlled tem-
perature setting. The patient must refrain from 
smoking for at least 1 h before the test and remain 
inside the test room for at least 15 min in order to 
balance his/her body temperature. 

 Multiple skin areas must be examined starting 
from nail folds of all fi ngers, fi ngertips, thenar 
and hypothenar eminence, and lower lip mucosa. 

 In vasculopathies, start reviewing the parane-
crotic area then move to the foot dorsum, ante-
rior, lateral, and posterior tibial region. 

 In stasis microangiopathies, start the test from 
the foot dorsum and then move up the lower limb 
until reaching the posterolateral regions of the thigh. 

 Start with small enlargement magnifi cation 
(30× to 50×) and continue the detailed test using 
large magnifi cation (150× to 200×). 

 To assess the morphology aspects of a district 
microcirculation, use the 150× to 200× lens to 
explore a fi eld of view (FOV) of approx 1.5/1.8 mm. 
The probe must be moved in slow uniform motion 
to correctly visualize all the morphostructural char-
acteristics of the capillaroscopy fi eld. 

 Standard white light capillaroscopy allows to 
detect the blood fl ow, albeit in a slightly unclear 
fashion as the erythrocytes have an average diam-
eter of 7–8 μm. On the other hand, the erythro-
cyte aggregation phenomena (sludge) and the 
capillaries or venules with the slower fl ow or 
temporary standstill are well visible. 

 The new fl uorescence method allows to 
amplify these phenomena and visualize them 
more precisely, detecting small capillaries of a 
diameter of approx 10 μm, inside which erythro-
cytes fl ow in a line and appear as small fl oating 
points with highly variable speed in the capillar-
ies or their segments. 

 The 400× lens can be considered for research. 
An optimal view requires good manual skills and 
solid experience. This lens is particularly appro-
priate for in-depth review of pathological altera-
tions in individual microvessels and to measure 
capillary density. Special effort should be made 
to always acquire a consistent number of images 
and videos in order to closely assess the 
dynamics.  
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12.6     Follow-Up 

 Follow-up is one of the main aspects of video 
diagnostics in an effective prevention. It should 
be performed in an appropriate and constant fash-
ion using dedicated software that allow perform-
ing a rapid and rational assessment. This allows 
to carefully and rapidly review the onset and/or 
evolution of the pathological processes, if any. 

 A key factor for appropriate follow-up is test 
repeatability, i.e., to be able to perform the test in 
the same area and in similar operational condi-
tions as the previous one. To obtain the best 
results, it is important to use systems that allow to 
identify the exact area to test under standard light 
conditions. These factors exclusively rely on the 
operator and on the device used for the test. 

 There are different methods to achieve a pre-
cise localization of reference for subsequently 
acquired microscopic images.  Descriptive local-
ization  (Fig.  12.1 ) is the most used method but at 
the same time also the less indicated to precisely 
identify the area under examination.

   Other localization systems, strongly recom-
mended for a reliable and appropriate follow-up, 
are  schematic localization  (Fig.  12.2 ) and  clini-
cal localization  (Fig.  12.3 ).

    Schematic localization is performed with dedi-
cated software that can visualize preloaded stylized 
patterns – body maps of various anatomical areas 
of the body and timely retrieve them, identifying 
the area to test and acquiring new microscopic 
images. It is recommended to make sure that the 
software allow the insertion of alternative patterns 
for purpose of customizing the application. 

 Clinical localization is undoubtedly the best 
system for two main reasons:
    1.    It is easier to identify potential superfi cial 

landmarks on the patient’s clinical image.   
   2.    The patient’s clinical image shows a global 

view of the area under examination and high-
lights other potentially important aspects for 
follow-up and diagnosis.     

VALLO UNGUEALE III DITO – MANO SX

  Fig. 12.1    Descriptive localization       

  Fig. 12.2    Schematic    localization         Fig. 12.3    Clinical localization       
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 This procedure is performed using digital 
cameras or integrated systems that in addition to 
performing the microscopic test also allow to 
acquire clinical images. This option is highly rec-
ommended because it enables to save the image 
much more rapidly. Clinical image acquisition 
for purpose of localization is only performed 
when starting the patient’s follow-up. 

 After the localization is performed using one of 
the above mentioned procedures, the capillaros-
copy is carried out using the selected magnifi ca-
tion, usually between 150× and 200×. The acquired 
microscope image (Fig.  12.4 ) is saved and, using 

the localization procedure, automatically associ-
ated to the previously created reference.

   The use of specifi cally designed software for 
these applications is of extreme importance as it 
allows saving time during the test and concentrat-
ing more on the clinical assessment. 

 Subsequent consults of the same patient sim-
ply involve acquiring microscope images and 
performing an immediate comparison with all 
previously saved images for every individual 
localization. This way any morphologic altera-
tion occurred between the two consults is imme-
diately highlighted (Fig.  12.5 ).

12.7        Methods to Perform 
a Videocapillaroscopy 

 The more widespread and simple methods to 
 perform a capillaroscopy fall under two main 
categories:
    1.    Capillaroscopy with optical stereomicroscope   
   2.    Optical capillaroscopy with digital image 

visualization, aka videocapillaroscopy     
 The most common devices are:

•    Optical stereomicroscope  
•   Halogen illumination polychromatic 

videocapillaroscope  

  Fig. 12.5    Image comparison       

  Fig. 12.4    150× microscope image       
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•   Diode illumination polychromatic 
videocapillaroscope  

•   Monochrome illumination videocapillaroscope    

12.7.1     Basic Principles 

 The basic principle shared by all methods is the 
illumination of the test area with polarized poly-
chromatic, nonpolarized, and high-intensity 
monochromatic light, and measuring the refl ected 
light that, by means of a system of lens, is appro-
priately focused and on which the optical magni-
fi cation of the test area is based (Fig. 12.6 ). The 
source of light can be:
•     Halogen – a high-intensity fi lament bulb gen-

erates polychromatic light  
•   Diode – generated by a semiconductor (light- 

emitting diode, LED)    
 Both lights can be appropriately fi ltered to 

generate polarized or monochromatic light.  

12.7.2     Capillaroscopy with Optical 
Stereomicroscope 

 The capillaroscopy with an optical stereomicro-
scope (Figs.  12.7  and  12.8 ) allows a good visual-
ization of capillaries as the stereoscopic effect 
generates a 3D view of the image and a good 
depth of fi eld of view. It is generally utilized on 
nail folds as its application is very complex in 
other areas of the body.

    The system works with halogen or diode poly-
chromatic and monochromatic light. 

 The stereomicroscope can be equipped with 
an optical divider to connect a camera that, with 
an appropriate software and hardware, is inter-
faced with a computer for image digitalization 
and storage. The image is viewed through the 
eyepiece, with a three-dimensional perception, 
and at the same of the monitor. 

 If the lighting system is equipped with a polar-
izer, the test can be performed straightforward. 
Otherwise, corneal layer transparency must be 
improved by placing one or two drops of cedar, 
paraffi n, or glycerol oil on the test site. The oil on 

  Fig. 12.6    Emission/refl ection       

  Fig. 12.7    Stereomicroscope       

 

 

12 Capillaroscopy



132

the skin should be distributed uniformly and regu-
larly in order to achieve a homogeneous thin layer. 
The purpose of creating the oil layer on skin is 
acquiring a skin refractive index (Table  12.1 ) as 
close as possible to the optic one, decreasing super-
fi cial refl ection (scattering) that creates a dazzling 
effect and generates images with no detail.

12.7.3        White Light 
Videocapillaroscopy 

 In videocapillaroscopy, the operator’s eye is 
replaced by an electronic sensor known as CCD 
( charge - coupled device ). This device transforms 
the intensity of the magnetic radiation the light 
refl ected by subcutaneous structures, in electric 
signals processed and transmitted to the com-
puter that visualizes them as images. The optical 
part is very similar to the one used by the stereo-
microscope, and all procedures performed with 
the stereomicroscope can be applied. The basic 
difference is the scanning system of the probe:
•    In immersion,  not in contact  and  in contact   
•   With polarized light    

 The  not in contact  videocapillaroscopy in 
immersion (Fig.  12.9 ), although using a spacer 
that maintains a fi xed distance, makes sure the 
superfi cial layer of the area under examination 
is  completely free. The only advantage of this 

technique is it places no pressure on the skin sur-
face thus avoiding obstructions of the capillary 
lumen caused by mechanical compression.

   The  in contact  videocapillaroscopy in immer-
sion (Fig.  12.9 ) is performed using a glass slide 
secured on the end of the spacer. This system 
allows an improved quality visualization because 
it uniforms the oil surface increasingly reducing 
light refl ections that can often be extremely dis-
turbing in the  not in contact  systems. This tech-
nique requires higher manual skills and experience 
from operators, but results are defi nitely better.  

12.7.4     Polarized Light 
Videocapillaroscopy 

 The basic principle is the same as the white light 
system, simply adding two fi lters (Fig.  12.10 ) for 
two different purposes:
•     Polarizing fi lter – placed between the poly-

chromatic source and the object to observe – 
incident light  

•   Analyzing fi lter – placed between the object 
and the eyepiece – refl ected light    

  Fig. 12.8    Stereomicroscope       

   Table 12.1    Refractive index   

 Refractive index 

 Air  1 
 Water  1.33 
 Cedar or synthetic oil  1.51 
 Glass  1.53 

Not in contact In contact

  Fig. 12.9    “Not in contact” and “in contact”       
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 The two fi lters are identical, and their princi-
ple consists in fi ltering and making visible only 
light rays with a specifi c phase angle. The angle, 
thus the degree of linear polarization, is the result 
of the rotation of one of the two fi lters. This elim-
inates all interferences caused by refl ection phe-
nomena of the corneal layer. 

 This method makes it considerably easier to per-
form the test because it does not require the use of oil. 
It does however present two strong disadvantages:
    1.    It reduces the luminosity according to Malus’ 

law.   
   2.    The colors tend to blue and green or red and 

magenta based on well-defi ned principles of 
physics. For example, in the presence of a 
natural pigment (melanin), colors tend to 
blue/green or red/magenta based on the more 
or less grainy pigment.      

12.7.5     Videocapillaroscopy 
in Fluorescence 

 Fluorescence is the characteristic of certain sub-
stances – absorbing electromagnetic radiations in 

the ultraviolet region of the spectrum and emit-
ting them with a longer wavelength (Stokes’s 
law) and therefore in the fi eld of visible light. 
This technique however requires systems cur-
rently very complex and diffi cult to use in stan-
dard diagnostic practice. 

 The fl uorescence technique that is starting to 
be used in videocapillaroscopy takes advantage 
of the absorption phenomenon at a specifi c wave-
length. This becomes more effective and simple 
technology that can be used to replace standard 
white light videocapillaroscopy. 

 The test in fl uorescence allows to visualize 
additional morphology and dynamic capillary 
details compared to classic (standard) video-
capillaroscopy (Fig.  12.11 ), empathizing the 
whole vascular component of the microcircula-
tion at the level of the dermal-epidermal 
 junction and of the deep surface of the dermis 
(Fig.  12.12 ).

  Fig. 12.10    Polarization       

  Fig. 12.11    Standard videocapillaroscopy       
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13.1            Introduction 

 It is a peculiarity of the dermatological specialty 
that the whole spectrum of diseases, from slight 
irritations to malignant transformations, lies 
directly before the doctor’s eyes. Clinical exami-
nation by inspection and palpation thus plays a 
crucial role in dermatological diagnosis. 

 When examining tumorous or infl ammatory 
diseases, in-depth expansion of the process is a 
further important clinical parameter. Sonography 
can deliver this missing information. 

 Sonography has already conquered many 
specialties in medicine. Ultrasound imaging 
systems currently used to study inner organs are – 
due to their poor resolution – of minor interest 
for  dermatologists who want to study the skin. 
Until 1975 ultrasound transducers with a center 
 frequency and bandwidth of maximal 7.5 MHz 

were available. Attempts to evaluate infl amma-
tory and tumorous processes in the skin using 
1.5–5 MHz transducers delivered very unsatis-
factory results [ 49 ]. The pioneers Alexander 
and Miller    (1979) were the fi rst scientists mea-
suring skin thickness using 15 MHz pulsed 
ultrasound [ 3 ]. 

 In the 1980s, fi rst dedicated 15–20 MHz ultra-
sound imaging systems were developed. 

 Figure  13.1  visualizes the number of Medline 
publications focusing on different noninvasive 
skin imaging methods in the past 30 years. 
Ultrasound is the oldest method to look at skin lay-
ers  beneath  the skin surface and was widely intro-
duced in clinical dermatology in the 1990s. In the 
past decade, scientifi c research focused on epilu-
minescence microscopy because the method deliv-
ers additional information to differentiate between 
malignant and benign pigmented skin tumors. 
New noninvasive “subsurface” skin imaging tech-
niques have been developed recently, improving 
evaluation of skin diseases prior to biopsy. Many 
of these interesting methods are presented else-
where in this book.

   During the past 25 years, 25 MHz sonogra-
phy of the skin has gained increasing importance 
as a noninvasive imaging method in dermatol-
ogy. Clinical applications are the preoperative 
 determination of the extension of skin tumors 
[ 14 ,  15 ,  16 ,  20 ,  24 ,  26 ,  27 ,  30 ,  33 ,  54 ], the moni-
toring of infl ammatory lesions [ 13 ,  28 ,  31 ,  50 , 
 58 ,  59 ] and sclerotic processes [ 2 ,  11 ,  32 ,  36 , 
 41 ,  44 ,  47 ,  55 ], and the objective judgement of 
skin tests, such as patch test reactions [ 52 ,  53 , 
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 56 ] and  tuberculin test reaction [ 5 ], to name but 
a few. Today, 25 MHz ultrasound equipment has 
become widely available at reasonable cost. 

 Sonograms of normal skin show at their upper 
border a thin, very echorich line, the so-called 
skin entry echo. Beneath, a broad, echorich band 
with scattered refl exes is seen, which corresponds 
to the dermis (Fig.  13.2 ). The subcutaneous fatty 
tissue is echolucent and traversed by obliquely 
oriented echorich connective tissue septa. The 
epidermis cannot be visualized, and certainly 
structures within the epidermis cannot be differ-
entiated [ 14 ,  16 ,  24 ], due to the lack of resolution 
using commercially available transducers with 
center frequencies below 20 MHz.

   To investigate the epidermis, the resolution 
must be improved. The axial resolution is mainly 
infl uenced by the bandwidth (Fig.  13.3 ). The lat-
eral resolution is proportional to the center fre-
quency and indirectly proportional to the focal 
length [ 14 ,  16 – 19 ]. By raising the center 
 frequency and bandwidth of the ultrasound trans-
ducer, resolution increases.

   But signal penetration depth into the skin is 
reduced (Fig.  13.4 ), a burden we have to accept 
for more detailed sonograms.

   We modifi ed the 100 MHz transducer technol-
ogy in such a way that skin structures up to 2 mm 
depth can be visualized [ 19 ,  46 ] at very high res-
olution (Fig.  13.2  inset). 
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  Fig. 13.1    Medline    publications on noninvasive skin imaging methods.  MR  imaging magnetic resonance imaging,  OCT  
optical coherence tomography,  CLSM  confocal laser scanning microscopy       

  Fig. 13.2    Comparison of 15 and 100 MHz sonography 
( inset ). At 15 MHz, the dermis is an ill-defi ned line at the 
upper part of sonogram due to insuffi cient resolution; at 
100 MHz, structures within the dermis are visualized 

(e.g., obliquely oriented hair follicles).  D  dermis,  S  
 subcutis,  MF  muscle fascia,  M  musculus rectus abdomi-
nis. The distance between two neighboring lines ( right 
border  of 15 MHz picture) is 5 mm       
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 Considering that dermatology includes  all 
structures  from the skin surface down to the 
 muscle fascia, lower frequencies are necessary to 
study deep skin structures (Fig.  13.5 ).

   Today 10–18 MHz sonography is used to eval-
uate the peripheral lymph nodes of patients with 
skin tumors [ 6 – 8 ,  10 ,  12 ] or pathological states of 
the testes [ 29 ,  40 ,  51 ]. 

 Since 1995, sonography of the skin and sub-
cutis (including the peripheral lymph nodes) 
has been integrated into the educational cur-
riculum for dermatologists in Germany, a 

 testimony that this method has become a 
 routine diagnostic tool in dermatology.  

13.2     Methods and Patients 

 To study the subcutis, we used an Esaote MyLab60 
ultrasound unit equipped with a 3–9 and a 
9–18 MHz linear array applicator. Ultrasound gel 
was used as coupling medium. 

 Examination of the dermis, epidermis, and 
stratum corneum was done using high-resolution 
sonography. An experimental ultrasound ima-
ging unit was developed which can be operated 
with different transducers in a frequency range of 
20–250 MHz. Technical details have been pub-
lished elsewhere [ 17 ,  19 ,  46 ]. To study the epi-
dermis, we used a 100 MHz ceramic transducer. 
The characteristics of this transducer have been 
published elsewhere [ 18 ]. 

 To obtain an excellent lateral resolution 
(Fig.  13.6b ), we used a highly focused transducer 
(with a short depth in the focus zone of only 
400 μm). In order to obtain sharp sonograms not 
only from a stripe of 400 μm but from a wider 
part of the skin, we introduce a mechanical 
focusing procedure, which we call Brightness/
Depth-Scan (B/D-Scan; Fig.  13.6c ). The 
 principle of this method is to compose the sono-
gram of several 400 μm wide image stripes, 
which are recorded one after the other, each in 

Axial resolution Lateral resolution

2 × In(2) × c [m/s]

Π × Δf [MHz]

Geometry of the 
focused transducer
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Far fieldMean frequency

Δ f = bandwidth
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  Fig. 13.3    Physical parameters infl uencing the axial and 
lateral resolution. The axial resolution is mainly infl u-
enced by the bandwidth of the transducer, and the lateral 
resolution by the geometry of the transducer in the focus 
zone. The near and far fi elds of the transducer bear mul-
tiple artifacts       
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Range Examined Structure

5−15 MHz Subcutaneous lymphnodes

large arteries and veins

subcutis and fatty tissue, muscles

15−25 MHz Dermis (overiew and sonometry)
subcutis (detailed architecture)
arterioles and venoses

25−50 MHz Epidermis (palms and soles)
Skin appendages

dermis (detailed architecture)

50−150 MHz epidermis (detailed architecture)
mucosa
upper dermis

Range
In-depth
penetration

Resolution
(axial)

5
MHz

> 3 cm 0,4 mm

20
MHz

8 mm 80 µm

50
MHz

4 mm 40 µm

100
MHz

2 mm 11 µm

  Fig. 13.5    Sonography in dermatology. The frequency range is a compromise between depth and resolution of the 
structure of interest       
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  Fig. 13.6    ( a ) Usually long-focused transducer is used in 
mechanical scanners. The focal zone is defi ned by the 
focal width  Fw  and focal depth  Fd . ( b ) To improve lateral 
resolution ( Fw ), we used a short-focused transducer. The 

focal depth  Fd  is reduced to 400 μm.  Fw  = 30 μm. ( c ) B/D-
Scan. The fi nal sonogram is composed of several 400 μm 
wide image stripes, which are recorded one after the 
other, each in the focus zone of the transducer       
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the focus zone of the transducer [ 17 ]. After the 
uppermost stripe is recorded by lateral move-
ment of the transducer over the selected area, the 
transducer is moved vertically 400 μm towards 
the skin surface before the next image stripe is 
recorded. To eliminate movement artifacts 
between adjacent stripes, the overlapping parts 
(near fi eld and far fi eld) are used for adjustment 
by the computer program, which puts together 
the fi nal image.

   Image processing involved two steps for every 
picture. First, the internal echoes of the 100 MHz 
transducer were eliminated. The oscillation 
curves of all neighboring A-scans of the image 
were averaged, and the mean oscillation curve 
was then subtracted from every single A-scan. 
Secondly, the A-scans were demodulated. The 
envelope curve was determined by two complex 
fast Fourier transformations for every A-scan. 
This procedure provides optimal results but does 
not allow to promptly view the recorded data. For 
this purpose, we additionally implemented a fast 
method of demodulation consisting of a digital 
rectifi cation of the high-frequency A-scan com-
bined with a non-recursive digital fi lter of the 
order of ten. This linear phase fi lter has a pass-
band cutoff frequency of 150 MHz. 

 For clinical studies, we also used the DUB50 
Profi  (taberna pro medicum, Lüneburg, 
Germany), a commercially available system. To 
obtain sonograms of good quality, the returning 
echo signal was digitized using a 1 GHz 8 bit 
high-speed analog-to-digital converter. Our 
applicator can be equipped with a 50 MHz or 
75 MHz transducer. 

13.2.1     Patients and Volunteers 

 All volunteers and patients gave informed con-
sent for all examinations. 

  Subcutis : Over a time period of 12 years, 
sonograms of different pathological conditions 
were collected in a huge data bank. More than 
800 patients with malignant melanoma were fol-
lowed up on a regular basis using lymph node 
sonography (inguinal, axilla, neck region). We 
studied lymph nodes in 500 patients  documenting 

palpation and visualization of lymph nodes 
(benign and malignant lymphadenopathy) using 
sonography. 

  Normal Palmar Skin : Ten right-handed volun-
teers with healthy skin (fi ve men and fi ve women, 
age 29–76, mean 56.4) were investigated. The 
index fi nger tip of the left hand was occluded for 
30 min with an emulsion using a Finn Chamber. 

  Normal Glabrous Skin : Sonograms were taken 
from volunteers with healthy skin (age 20–32, 
mean 24.1) on abdomen about 3 cm lateral the 
umbilicus ( n  = 8), the upper back over the scapula 
( n  = 11), the dorsal forearm ( n  = 9), and the calf 
( n  = 14). In several persons, we took sonograms 
on the volar wrist at the transition from palmar to 
glabrous skin. 

  Psoriasis Vulgaris and Lichen Planus : 35 
untreated, infi ltrated, and slightly scaly psoriatic 
lesions on the extremities of 18 patients with 
chronic plaque-type psoriasis vulgaris and 10 
lichen planus papules of 6 patients were investi-
gated. Sonograms were taken in the center and 
the margin of the lesions and in the surrounding 
normal skin. 

  Skin Tumors : Sonograms were taken from 
skin tumors (basal cell carcinoma, malignant 
melanoma, seborrheic keratosis, nevocellular 
nevi) and normal adjacent or contralateral skin. 
Then the tumors were excised for histology (see 
below). Only skin tumors with a poor subtumoral 
infi ltrate in histology were included in our study: 
a total of 27 superfi cial basal cell carcinoma, 13 
malignant melanoma, 16 nevocellular nevi, and 
11 seborrheic keratoses were evaluated using sta-
tistical methods.  

13.2.2     Image Processing 
and Statistical Evaluation 

 For image analysis, we used the program 
AnalySIS® (Soft Imaging Software GmbH, 
Münster, Germany). The structure of interest 
within the sonographic image (e.g., entry echo 
or echopoor band) was manually delimited by a 
polygon, using a position cursor. Its mean 
diameter in y-axis was calculated as the average 
length of all A-scans in the polygon. The mean 
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gray level of the polygon area was also deter-
mined; its value ranges from 0 (black) to 255 
(white). 

 In every sonogram, structures of interest 
(thickness of the skin entry echo, echodensity of 
the skin entry echo, echodensity of the echopoor 
tumor area, echodensity of the subtumoral region) 
were measured in the skin tumor region and in the 
adjacent or contralateral normal skin. Values were 
calculated as an index (% of the normal skin) to 
correct for differences between different anatomi-
cal locations. 

 Finally, the  U -test (Mann–Whitney-
Wilcoxon) for unpaired observations was used 
to compare the parameters mentioned above. 
P-values of <0.05 were considered signifi cant.  

13.2.3     Correlation with Histology 

 In 79 patients (psoriasis plaques,  n  = 11; lichen 
planus papules,  n  = 6; basal cell carcinoma, 
 n  = 27; malignant melanoma,  n  = 13; nevocel-
lular nevi,  n  = 16; seborrheic keratoses,  n  = 6), a 
biopsy was taken after sonography. In order to 
obtain exactly correlating sonographic and his-
tologic images, a 10 mm long line was drawn 
on the skin in the plane of the B-scan. After 
local anesthesia of the area, the skin was cut 
along this line down to the subcutis. Then a 
spindle-shaped excision was performed with 
this cut in the center. The two halves of the tis-
sue spindle were separated and their central 
cutting planes placed on cardboard. This pre-
vents warping of the tissue during formalin 
fi xation. In the histological sections, the thick-
ness of the epidermis (from the stratum granu-
losum to the lowest points of the rete pegs), the 
thickness of the infl ammatory infi ltrate (from 
the uppermost parts of the dermal papillae 
downwards), and the thickness of both the epi-
dermis plus the infi ltrated dermis were 
measured. 

 By means of the linear regression analysis, we 
checked whether there is a signifi cant correlation 
between the thickness measurements in sono-
graphic images and the corresponding histologic 
sections.   

13.3     Results 

13.3.1     Subcutis 

 7.5–15 MHz sonography is very suitable to study 
structures in the deep fatty tissue. Such structures 
are large arteries and veins, connective tissue 
routes, muscle fascia, and lymph nodes 
(Fig.  13.5 ). Soft tissue tumors, such as lipoma, 
are easily identifi ed. They are seen as ovaloid 
structures with a homogeneous fi ne echo texture 
(Fig.  13.7 ) within the rather echopoor fatty tis-
sue. Solid- or liquid-fi lled subcutaneous tumors 
are seen as ovaloid echopoor structures. If they 
are calcifi ed, small echo refl exes with fi ne dorsal 
shadow stripes can be present. Structures with a 
wall or capsule show typical sonographic arti-
facts: below the structure, there is an echo 
enhancement (dorsal echo signal augmentation) 
which is delimited by a border shadow. The ath-
eroma in Fig.  13.8  exhibits these typical sono-
graphic artifacts.

    Connective tissue diseases such as sclero-
derma, dermatolipo(fascio)sclerosis in venous 
leg disease, and lipo(lymph)edema or infl amma-
tory diseases such as acute cellulite can be easily 
quantifi ed, to name just a few. 

 Acute cellulite is accompanied by a local-
ized swelling and infl ammation of the skin. 
Sonography exhibits multiple “lymph fi ssures” 
(Fig.  13.9a ) in the upper subcutis. Typically 
these “lymph fi ssures” disappear when applying 
a gentle pressure on the tissue, because the liq-
uid is moved laterally. In chronic lymphedema, 
multiple lymph fi ssures are observed at all levels 
of the subcutaneous fatty tissue. In acute throm-
bophlebitis, lymph fi ssures surround the involved 
vein, and the vein is no longer compressible 
(Fig.  13.9b ).

   Lymph node sonography has become a routine 
method in dermatology used for skin tumor staging 
and skin tumor follow-up programs. In most body 
regions, normal lymph nodes are too small to be 
visualized using 7.5 or 10 MHz sonography. 

 Activation or malignant proliferation brings 
about an enlargement of the lymph node. We 
examined lymph nodes in more than 300 patients 
(axilla and inguinal region) and found that, in 
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 particular concerning small lymph nodes, sonog-
raphy is by far superior to palpation (Fig.  13.10 ). 
This fi nding has also been confi rmed by other 
authors. Loose et al. [ 42 ] reported concerning 
detection of regional metastatic lymph nodes in 
patients with malignant melanoma that in the groin 
61 % and in the neck 67 % of the sonographically 
enlarged lymph nodes were also palpable, while in 
the axilla only 45 % were palpable.

   After the infl ammatory process has ended, 
most lymph nodes become smaller again. 
Normally this takes 6–8 weeks. Sometimes, 
however, postinfectious lymph nodes remain 
enlarged. It has been speculated that new lymph 
follicles develop in the medulla region, due 
to a persisting stimulus. These lymph nodes 
often exhibit an echorich medulla region and 
are often referred to as “reactive lymph nodes.” 

  Fig. 13.7    Lipoma on the lower arm of a 67-year-old woman. The two sonograms were registered perpendicularly. 
 L  lipoma,  S  subcutis,  MF  muscle fascia. Distance between two graduation marks = 5 mm       
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Figure  13.11  shows an enlarged lymph node 
from the groin region with a tiny medulla and an 
enlarged cortex region. Changes of the size of the 
lymph node by keeping the shape constant are 
typical for benign lymphadenopathies.

   A simple way to evaluate changes of the shape of 
a lymph node is calculation of the Solbiati Index 
[ 57 ]. The suspect lymph node is visualized in two 
perpendicular axes, the maximal longitudinal diam-
eter (L) and the minimal width (W) of the lymph 
node are measured, and the L/W quotient is calcu-
lated. An L/W quotient smaller than 2 means that 
the lymph node is more ball- shaped (L/W = 1). 

 Lymph nodes can also be the battlefi eld of 
primary and secondary malignancies. Vassallo 
et al. [ 60 ] studied benign and malignant lymph-
adenopathies sonographically, excised them, 
and  classifi ed them after histopathological 
examination. They could show that 85 % of all 
examined benign lymphadenopathies had an 
L/W >2. In 86 % of all primary malignant 
lymphadenopathies (e.g., lymphoma) and 85 % 
of all secondary malignant lymphadenopathies 
(lymph node metastases), the L/W was <2. 
Obviously, tumor masses destruct the inner 
architecture, such as trabecula of the lymph 

  Fig. 13.8    Atheroma on the back of an 85-year-old woman. An echo signal enhancement and a border shadow beneath 
the structure are typically observed in solid (or liquid) cysts. Distance between two graduation marks = 5 mm       
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node. Therefore, the shape of the lymph node 
changes in malignant lymphadenopathies. 

 In metastatic lymph nodes, the medulla and 
hilus region are often no longer visible. In pri-
mary malignant lymphadenopathy, the medulla 
region is often tent-shaped and the cortex region 
eccentrically enlarged. The lymph node has 
changed its shape considerably. 

 Figure  13.12  shows that in benign lymphade-
nopathy, the enlarged lymph nodes keep their 
shape, while the relation between the medulla 
and cortex region may vary. In malignant lymph-
adenopathy, the shape is altered, because the 
lymph node becomes more ball-shaped and/or 
because there is an eccentric lymph node enlarge-
ment. However, because there is an overlap of 

  Fig. 13.9    ( a ) Chronic lymphedema. Lymph fi ssures are 
seen at all levels of the subcutaneous fatty tissue. They 
disappear when applying local pressure.  L  lymph fi ssures. 
( b ) Blood vessels, in particular veins, can easily be  studied 

using compression sonography. Vessels with thrombotic 
material are incompressible. Blood fl ow is visible around 
the thrombotic material in duplex mode ( inset ). Distance 
between two graduation marks = 5 mm       
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  Fig. 13.10    Large lymph 
nodes are easily palpated and 
visualized by sonography 
( n  = 300). Small lymph nodes 
may be missed by palpation. 
Only 25 % of the lymph nodes 
smaller than 10 mm of 
diameter which were seen 
sonographically were also 
detected by palpation       

  Fig. 13.11    Benign lymphadenopathy. Distance between 
two graduation marks = 5 mm.  Upper pictures : Sonograms 
in 2 perpendicular axes, left groin. Solbiati Index = 2.3. 

 Lower pictures : Normal lymph nodes exhibit a central 
vascularization. Solbiati Index = 3.3       
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15 % between both groups of enlarged lymph 
nodes, it is wise to repeat sonography after 6 
weeks. Malignant lymph nodes will continue to 
enlarge, while benign lymphadenopathies tend to 
become smaller after infl ammation. In case of 
uncertainty, lymph node biopsy should be taken 
into consideration.

13.3.2        Sonography of the Dermis 
and Epidermis 

13.3.2.1     Normal Glabrous Skin 
 Sonograms of normal skin show at their upper 
border a thin, very echorich line, the so-called 
skin entry echo. The skin entry echo is due to 
an impedance jump at the intersection between 
the water (water is used as coupling medium) 
and the waterproof stratum corneum. The thin 
stratum corneum of glabrous skin obviously 
cannot be differentiated in 100 MHz sono-
grams. There is a tiny echopoor band (EPB) 
between the entry echo and the dermal refl exes. 
Below, a broad, echorich band with scattered 
refl exes is seen, which corresponds to the der-
mis (Fig.  13.13 ). The subcutaneous fatty tissue 
is echolucent with obliquely oriented echorich 
connective tissue septa.

   The reticular dermis is visible as an echorich 
zone with densely scattered, confl uent echo 
refl exes. It is sharply demarcated from the very 
echopoor subcutaneous fat. Within the dermis, 
hair follicle complexes are visible as homoge-
neous echopoor structures (Fig.  13.13 ). To fi nd 
out which structures of the hair follicle complex 
can be visualized sonographically, “noninva-
sive” three-dimensional reconstructions were 
performed. The principles of three-dimensional 
reconstruction have extensively been discussed 
elsewhere [ 14 ,  16 ,  21 ]. In Figure  13.14a , the sono-
grams of the left column stand perpendicular to 
the sonograms of the right column. The upper left 
sonogram shows a sharply delineated trifoliate 
echopoor structure at the dermis-subcutis inter-
face. The middle left sonogram shows the hair 
follicle canal. The lower left sonogram exhibits 
an ill-defi ned structure in the dermis correspond-
ing to the lobular structure of the sebaceous gland. 
The three-dimensional reconstruction exhibits 
that the hair canal has an angle of 30° to the skin 
surface. The lobular structure of the sebaceous 
gland can be visualized. Using three-dimensional 
reconstructions, anagen follicles could be differ-
entiated from telogen follicles [ 21 ].

13.3.2.2        Normal Palmar Skin 
 In 100 MHz sonograms of palmar skin, an 
echorich entry echo is seen at the upper border 
(Figs.  13.15  and  13.16 ). Where the dermato-
glyphics are crossly cut (which is mostly the 
case), the entry echo is wavy; in parts with longi-
tudinally cut dermatoglyphics, it is a straight line. 
Below the entry echo, there is an echopoor band, 
which we will call EPB 1 (echopoor band 1). It is 
followed by an echorich line, which runs parallel 
to the entry echo but is less intense (Figs.  13.15  
and  13.16 ). El Gammal et al. [ 19 ] could show by 
removal (tape stripping) and swelling (occlusion 
with petrolatum) of the horny layer that the EPB 
1 truly represents the stratum corneum.

    Below the EPB 1, a second echopoor band 
is seen, which we will call EPB 2 (echopoor 
band 2). Neither removal nor swelling of the 
horny layer changes its thickness signifi cantly 
[ 19 ]. The EPB 2 is separated from the EPB 1 by 
an echorich line. Obviously this line represents 

W

L

Normal (L/W >2)

Change of  shape

Pulpa and
Hilus region

Non existent

Widened

Excentric
enlargement

L

L/W < 2

  Fig. 13.12    Changes in size and shape of lymph nodes. 
 L  largest longitudinal diameter,  W  width of the lymph 
node. The L/W quotient (Solbiati Index) >2 is often 
found in benign lymphadenopathies and an index <2 in 
malignant lymphadenopathies (the lymph node becomes 
ball-shaped)       
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the interface between the waterproof stratum 
 corneum and the moist, living part of the epider-
mis. The lower border of the EPB 2 is defi ned by 
the scattered refl exes of the dermis (Figs.  13.15  
and  13.16 ). This border is too straight to corre-
spond to the undulating dermo-epidermal junc-
tion (Fig.  13.16 ); it rather represents the interface 
between the papillary dermis and reticular 
dermis. 

 In the EPB1, twisted, echorich, about 100 μm 
wide structures are seen, which cross the EPB 1 
vertically. The distance between two of them is 
800–950 μm or a multiple. Each of them ends in 
a small dip on top of a dermatoglyphic crest 
(Fig.  13.16 ). These structures represent eccrine 

sweat gland ducts. In the EPB 2, they are rarely 
visible, and in the echorich dermis, they cannot 
be detected either. 

 Figure  13.17  shows the transition from palmar 
to glabrous skin on the wrist: the upper and lower 
borders of the EPB 1 (skin entry echo and 
echorich line below) merge into one echorich line 
in glabrous skin, so that the EPB 1 disappears. 
The thin stratum corneum of glabrous skin obvi-
ously cannot be differentiated in 100 MHz sono-
grams. The EPB 2 remains as the only echopoor 
band between the entry echo and the dermal 
refl exes. While the thickness of the entry echo is 
about the same as in palmar skin [ 19 ], the echo-
poor band (EPB) of glabrous skin is markedly 

a

b

  Fig. 13.13    Hair follicles are 
represented as echopoor 
structures in the echorich 
dermis. ( a ) Thigh; * 
longitudinal section of hair 
follicles;  Inset : correlating 
histology. ( b ) Thigh; * cross 
sections of hair follicles.  E  
Skin entry echo,  D  dermis,  S  
subcutaneous fatty tissue,  CT  
connective tissue septa in the 
subcutis,  H  hair (cross-sec-
tioned). Distance between 
two graduation 
marks = 100 μm       
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  Fig. 13.14    Serial sections ( a ) and three-dimensional 
reconstruction of the hair follicle complex on the calf of a 
23-year- old woman at 50 MHz. Voxel cube of 4 mm 
(thickness) × 6,5 mm × 6,5. Sections were taken at 50 μm 
intervals. ( a ) The sonograms of the left column are per-
pendicular to the sonograms of the right.  Left upper sono-
gram : sharply delimited trifoliate echopoor structure at 
the dermis-subcutis interface.  Left middle sonogram : hair 
follicle canal.  Left lower sonogram : ill-defi ned lobular 
structure of the sebaceous gland.  Right sonograms : 

 longitudinal section of the hair follicle. Note that the hair 
is slightly bent. ( b ) 3D reconstruction. The hair is oriented 
30° to the skin surface. The hair can be seen in the middle 
of the hair canal (line reconstruction) and is invisible 
where it is more obliquely oriented (echo refl exes do not 
return to the transducer). The hair becomes visible again 
when it is oriented parallel to the skin surface.  Red  = lobu-
lar structure of the sebaceous gland. Distance between 
two graduation marks = 100 μm         

a
 

13 Sonography of the Skin



148

bFig. 13.14 (continued)

a

b

  Fig. 13.15    Palmar side of 
left index fi nger of a 
30-year-old woman (distal 
phalanx) before ( a ) and after 
( b ) 30 min occlusion of an 
emulsion.  W  water (coupling 
medium),  E  entry echo, 
 EPB1  echopoor band 1, 
 EPB2  echopoor band 2,  D  
dermis. Distance between 
two graduation 
marks = 100 μm.  Inset s: 
photos of the fi nger before 
and after occlusion       
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thinner than on the palms. On the lower 
 extremities, it is thicker than on the trunk [ 19 ].

   Concurrent with the sudden appearance of 
EPB1, when moving from glabrous to ridged 
skin (palmar and plantar), the echogenicity of the 
dermis is reduced compared to the glabrous skin. 
This is due to the strong absorption of the ultra-
sound energy in the upper layers of the stratum 
corneum.  

13.3.2.3     Infl ammatory Skin Diseases 
   Psoriasis Vulgaris 
 Compared to normal skin, lesions of psoriasis 
vulgaris exhibit distinct alterations of the upper 
dermis. 

 At the border of a psoriatic lesion, the 
 echopoor band (EPB) of normal skin widens into 
a broad echopoor band. The thickness of this 
band correlates very well with the thickness of 
the acanthotic epidermis plus the dermis with the 
infl ammatory infi ltrate in the corresponding his-
tology ( r  = 0,94). No signifi cant correlation    was 
observed between the thickness of the echopoor 
band and the epidermis, respectively, and the 
infi ltrated dermis alone [ 19 ]. The lower, quite 
straight border of EPB2 is defi ned by the scat-
tered refl exes of the dermis. 

 Furthermore, distinct alterations of the entry echo 
are observed in psoriasis lesions as compared to nor-
mal skin. In untreated scaly plaques, directly below 

  Fig. 13.16    Palmar side of 
the right index fi nger of a 
39-year-old man at high 
magnifi cation.  W  water 
(coupling medium),  E  entry 
echo,  D  dermis,  arrows  
sweat gland duct orifi ces. 
Distance between two 
gradation marks = 100 μm. 
Inset: Epiluminescence 
microscopic picture of the 
left index fi nger. On the 
crests of the dermatoglyph-
ics, white points in a row are 
seen, which represent sweat 
gland ducts       

  Fig. 13.17    At the transition 
from glabrous to the palmar 
skin, a second echorich line 
separates the EPB1 (upper 
echopoor band) from the 
EPB2 (lower echopoor 
band). Wrist of a 33-year-old 
woman.  E  skin entry echo,  G  
glabrous skin,  R  ridged 
(palmar) skin,  D  dermis,  S  
subcutis. Distance between 
two graduation 
marks = 100 μm       
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the entry echo, several parallel, echorich lines are 
seen. They melt with the entry echo into an echorich 
band, which is signifi cantly thicker than the entry 
echo in normal skin (111 ± 16 μm,  n  = 35,  p  < 0,001) 
and has a much more irregular surface. 

 The following observations show that the 
described band with varying echodensity represents 
the hyperkeratotic horny layer [ 18 ]: after applica-
tion of petrolatum under occlusion for 60 min on 
a hyperkeratotic psoriatic plaque, the thickness 
of the band increases, and its echodensity mark-
edly decreases. In its whole length, it can now be 
 distinguished as an echopoor band with the entry 
echo as upper and a thin echorich line as lower 
border. Repeated tape stripping of the scaly sur-
face results in a gradual decrease in the thickness 
of the echorich band. When the scales are removed 
entirely, only a single echorich line remains. 

 In conclusion, the horny layer is echorich 
in untreated scaly psoriatic plaques; after treat-
ment with petrolatum, its echodensity decreases. 
Furthermore, the acanthotic epidermis and the 
dermis with the infl ammatory infi ltrate are repre-
sented as one echopoor band [ 18 ,  19 ].  

   Lichen Planus 
 In lichen planus papules, the echopoor band 
(EPB) of normal glabrous skin focally widens 

into a  spindle-shaped echopoor area. The  maximal 
 thickness of this band correlates well with the 
maximal thickness of the acanthotic epidermis 
plus the dermis with infl ammatory infi ltrate in the 
corresponding histology ( r  = 0,86). Thick lichen 
planus papules (Fig.  13.18 ) often exhibit an echo-
poor line (EPB1) beneath the skin entry echo [ 19 ].

13.3.2.4         Skin Tumors 
 To study whether the improved resolution at 
100 MHz has an impact on visualization of skin 
tumor details, we evaluated thin basal cell carci-
noma using image analysis. Correlation of sono-
grams and histology reveals that the tumor 
parenchyma and stroma seen histologically as 
separate structures (inset, Fig.  13.19 ) are summed 
up to a uniform spindle-shaped echopoor area in 
the upper dermis in sonograms (Fig.  13.19 ). 
Tumor parenchyma and stroma are represented 
as one echopoor area.

   To evaluate the potential of 100 MHz sonogra-
phy, we studied thin pigmented skin tumors (basal 
cell carcinoma, malignant melanoma, seborrheic 
keratosis, nevocellular nevi) using sonography and 
histology. Sonograms were evaluated by compar-
ing the skin tumor region with the adjacent or con-
tralateral normal skin (% change of the normal 
skin). Most parameters were not signifi cant 

  Fig. 13.18    Lichen planus papule on the thigh of a 
65-year-old woman. In the middle of the papule, an 
echopoor line (*) is seen between the skin entry echo 
and the echorich line beneath. Corresponding histology 
(inset) exhibits that this region has a signifi cant 

 hyperkeratosis. The histology exhibits, furthermore, 
that the EPB2  corresponds to the str. Malpighii and the 
infl ammatory infi ltrate in the upper dermis.  EPB2  
echopoor band 2,  D  dermis. Distance between two 
graduation marks = 100 μm       
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(Table  13.1 ). In seborrheic keratosis, the thickness 
of the skin entry echo was signifi cantly increased. 
Furthermore in seborrheic keratosis, the mean 
echo intensity of the subtumoral region correlated 
with the thickness of the skin entry echo ( r  = 0.92).

   In all tumors, the echopoor tumor region 
(Fig. 13.20a ) was not statistically signifi cant from 
each other, save seborrheic keratosis versus nevo-
cellular nevus ( p  = 0.05). The subtumoral area 
was signifi cantly ( p  < 0.01) different for all 
tumors (Fig.  13.20b ), save for malignant mela-
noma versus nevocellular nevus ( p  < 0.05).

   We can conclude that differentiation between 
skin tumors is not possible by studying the echo-
density of the tumoral echopoor region. On the 
other hand, the echodensity of the subtumoral 
(normal) dermis gives an  indirect hint  about the 
absorption characteristics of the tumor region: 
our fi ndings suggest that the absorption of echo 

refl exes is signifi cantly different for all examined 
pigmented skin tumors, save malignant mela-
noma versus nevocellular nevus.    

13.4     Discussion 

 Dermatology deals with all skin structures from 
the skin surface to the muscle fascia. We there-
fore need imaging tools to look beneath the skin. 
Sonography is a particularly interesting method, 
because it is noninvasive and harmless (no radia-
tion) and can be repeated if necessary. 

 7.5–15 MHz sonography has become a great 
tool to study the subcutis and subcutaneous 
pathologies. Typical examples are connective 
tissue diseases, cellulite, blood vessel diseases, 
soft tissue tumors, and lymph node pathology 
[ 7 – 9 ,  12 ,  18 ]. 

  Fig. 13.19    Basal cell 
carcinoma on the back of 
a 78-year-old woman. 
Corresponding histology 
(inset) reveals that tumor 
parenchyma and stroma 
(together 912 μm thick) are 
summed up to a spindle-
shaped echopoor area 
(maximal thickness 770 μm) 
in the upper dermis of the 
sonogram. Distance between 
two graduation 
marks = 100 μm       

   Table 13.1    Statistical 
analysis of different 
regions of interest in 
pigmented skin tumors   

 NCN  MM  SebK  Bas 

 Skin entry echo  Thickness  n.s.  n.s.   p  = 0.02  n.s. 
 Mean echo intensity 
of the neighboring 
normal epidermis [%] 

 n.s.  n.s.  n.s.  n.s. 

 Tumoral echopoor 
area 

 Mean echo intensity 
of the neighboring 
normal dermis [%] 

 33 ± 9 %  16 ± 6 %  13 ± 6 %  25 ± 9 % 

 Subtumoral region  Mean echo intensity 
of the neighboring 
normal dermis [%] 

 71 ± 23 %  50 ± 15 %  25 ± 3 %  86 ± 24 % 

   n.s.  non signifi cant,  NCN  nevocellular nevus,  MM  malignant melanoma,  SebK  seborrheic 
keratosis,  Bas  basal cell carcinoma  
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 20 MHz sonography is useful to study the 
 dermis. Different pathological processes (virtu-
ally all skin tumors, infl ammatory infi ltrates, 
edema, scar tissue, elastosis) as well as skin 
appendages and large blood vessels are repre-
sented as echopoor areas [ 4 ,  14 ,  16 ,  24 ] within 
the echorich dermis. 

 Our 100 MHz experimental sonography 
unit allows a far more detailed visualization of 
the upper skin layers as compared to 20 MHz 
sonography. Especially with regard to the in 
vivo assessment of the horny layer, 100 MHz 
sonography is a valuable tool. Whereas in nor-
mal glabrous skin the stratum corneum is too thin 
([ 39 ]: about 12–15 μm; [ 35 ]: mean thickness of 
15 μm for dry stratum corneum and 48 μm after 
hydration) to be separated from the entry echo, 
in palmar skin and hyperkeratotic states, it is 
represented as a distinct band and its thickness 

can be easily determined. Our results suggest 
that the  echodensity of the horny layer depends 
on its water content: psoriatic scales, appear-
ing silvery because of the included air, are, for 
example, much more echorich than the moist 
stratum corneum of the palms. The signifi cant 
impedance gap between the stratum corneum 
and the Malpighian layer – visible as an echorich 
line – can be explained by the different hydration 
states of these layers. As demonstrated by vari-
ous methods, e.g., MR imaging [ 1 ,  48 ] or mea-
surement of the transepidermal water loss [ 38 ], 
there is a sudden increase in water content at the 
border between the horny layer and the viable 
epidermis. 

 Today most authors agree that the skin entry 
echo is an artifact caused by the change in imped-
ance between the coupling water and the horny 
layer [ 25 ,  34 ,  53 ]. This hypothesis is confi rmed 
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a b  Fig. 13.20    Evaluation    of 
skin tumors, focusing on 
( a ) the tumoral echopoor 
area and ( b ) the subtumoral 
region. ( a ) In all tumors, the 
echopoor tumor region is not 
statistically signifi cant from 
each other, save SebK versus 
NCN ( p  = 0.05). ( b ) The 
subtumoral area is signifi -
cantly ( p  < 0.01) different for 
all tumors, save for MM 
versus NCN ( p  < 0.05).  SebK  
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malignant melanoma,  Bas  
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by our results: the thickness and echodensity of 
the entry echo remain constant, no matter whether 
the horny layer is stripped, occluded with topical 
agents, or entirely removed [ 19 ]. In most 20 MHz 
studies, the echo signal was strongly amplifi ed to 
reach a high signal depth penetration. This how-
ever leads to a signifi cant blurring of the entry 
echo. This effect as well as the low lateral resolu-
tion of only 200 μm entails that the entry echo is 
represented as a 100–250 μm thick, relatively 
homogeneous band [ 34 ]. During image acquisi-
tion of the 100 MHz sonograms, we applied the 
B/D-Scan technology, which allows to select a 
specifi c amplifi cation for each of the 4–8 hori-
zontal stripes, which compose the sonographic 
image. An overamplifi cation of the entry echo is 
thus avoided. Its thickness is about 80 μm, and 
due to the high lateral resolution of 27 μm, it 
refl ects even fi ne irregularities of the skin surface 
like the dermatoglyphics or the rough surface of 
psoriatic lesions. 

 In 20 MHz sonograms of normal glabrous 
skin, the dermal refl exes are directly adjacent to 
the entry echo; the viable epidermis, which is 
about 80 μm thick, cannot be visualized. At 
100 MHz, the resolution is suffi cient to show in 
normal skin a thin echopoor band above the der-
mal refl exes. Its thickness and its straight lower 
border suggest that it represents the viable epi-
dermis together with the papillary dermis. At the 
transition from normal skin to a psoriatic plaque, 
this band widens into a 400–500 μm thick echo-
lucent band. An echolucent band of comparable 
thickness can be observed also in 20 MHz sono-
grams of psoriatic lesions [ 13 ,  24 ,  31 ,  53 ,  58 , 
 59 ]. Confl icting theories have been proposed 
regarding its nature. While some authors equate 
it with the sum of acanthosis and the upper der-
mis with the infl ammatory infi ltrate [ 24 ,  31 ,  43 ], 
others interpret it as correlate of the papillary 
dermis [ 13 ,  58 ,  59 ]. Our results favor the fi rst 
hypothesis: comparison with the corresponding 
histology revealed an excellent correlation 
between the thickness of this band and the histo-
metric thickness of the Malpighian layer plus the 
infl ammatory infi ltrate. Moreover, in 100 MHz 
sonograms, this echopoor band always has a 
fairly straight upper and lower border. If it repre-

sented the  viable epidermis only, we would 
expect an  undulating lower border; if it was the 
correlate of the papillary dermis, the upper bor-
der would be wavy, especially in psoriatic lesions 
where there are prominent rete pegs. The lateral 
resolution of the 100 MHz transducer is high 
enough to depict structures of this dimension, as 
the cross sections of the dermatoglyphics in pal-
mar skin demonstrate. We can conclude that both 
the viable epidermis and the infi ltrated dermis 
are echopoor and cannot be differentiated from 
each other. 

 These refl ections illustrate that it is not only a 
question of resolution whether a structure is visu-
alized sonographically. As we could show, the 
resolution of 100 MHz sonography allows to 
detect structures as small as a sweat gland duct in 
the horny layer. On the other hand, the viable epi-
dermis cannot be distinguished from the papil-
lary dermis, and as we learned from the study of 
skin tumors, the stroma of basal cell carcinoma 
cannot be distinguished from the tumor cell nests 
(Fig.  13.19 ). 

 How can this be explained? According to 
Fields and Dunn [ 22 ], echoes are only refl ected 
from the border between two tissues, when they 
have a different acoustic impedance at the applied 
frequency. Obviously, there is no difference in 
impedance between the viable epidermis, com-
pact tumor masses, dense lymphocytic infi ltrate, 
and fi ne fi brillary connective tissue at 100 MHz 
but only between these structures and the reticu-
lar dermis. These acoustic tissue properties are 
the reason why Gupta et al. [ 27 ] and Semple et al. 
[ 54 ] using 40–60 MHz transducers could not 
improve imaging of skin tumors as compared 
with 20 MHz. 

 An entirely exact correlation of histometry 
and sonometry cannot be expected as various 
artifacts infl uence the measurements in both 
methods. Histological processing leads to tissue 
shrinkage; the stratum corneum shows the char-
acteristic basket-weave structure which does not 
correspond to the in vivo anatomy. Sonographic 
examination requires water as coupling medium 
which itself may lead to swelling of the horny 
layer. Sonometry is also infl uenced by the 
sound speed which is taken as basis for distance 
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calculations. In dermatological sonography, 
distance calculations from the echo signal time 
lapse are usually based on the sound speed of 
the  dermis (1,580 m/s) [ 3 ,  5 ]. In the nail plate, 
however, Finlay et al. [ 23 ] found a sound speed 
of 2,140 m/s comparing 20 MHz sonography and 
thickness measurements by a micrometer screw. 
Jemec and Serup [ 37 ] divided the nail into two 
compartments with different speeds, an upper 
dry one (3,103 m/s) and a lower humid inner one 
(2,125 m/s). Obviously, a similar situation must 
be postulated for the stratum corneum which 
consists of keratin and has a low content of water 
thereby having similar properties than the upper 
nail compartment. 

 We can conclude that high-resolution sonog-
raphy enables in vivo examination of fi ne struc-
tural details of the epidermis. In order to obtain 
images with signifi cant information, understand-
ing of the basic physics of ultrasound principles 
is indispensible. Only optimal pre-amplifi cation, 
implementation of a B/D-Scan to increase in- 
depth penetration at 100 MHz, and knowledge 
about the infl uence of resolution on the echo- 
character enable correct interpretation of the 
sonograms.     
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      Abbreviation 

  ECT    Electrochemotherapy   

14.1          Introduction 

 Although dermatologic ultrasound is a branch 
of eidology that traditionally had not seen rapid 
technological progress or great advancements in 
knowledge, new applications have been developed 
in recent years, as the result of both technologi-
cal advancements, including very high-frequency 
ultrasound, and the renewed interest of clinicians. 
With particular regard to psoriatic arthropathy, bio-
logical drugs have been shown to be an effective 
form of treatment; however, these drugs are costly 
and can have important side effects. For this rea-
son, researchers have attempted to develop meth-
ods to evaluate their effectiveness at an early stage 
of treatment using ultrasound, which is extremely 
sensitive, nonionizing, repeatable, and not very 
expensive. Similarly, for in-transit metastases of 

malignant skin melanoma, electrochemotherapy 
has been shown to be an effective and inexpen-
sive form of palliative treatment, and ultrasound is 
being used to evaluate the response to treatment. 
Finally, the most recently developed ultrasound 
equipment has allowed us to discover new patterns 
of tumours that are relatively common yet which 
have not been extensively studied, such as calcify-
ing epithelioma of Malherbe (or “pilomatricoma”), 
mainly in the area of paediatric dermatology. In 
this chapter, we address the use of ultrasound in 
evaluating calcifying epithelioma of Malherbe, 
in-transit metastases, and psoriasis, which in our 
opinion represent new and important areas of inter-
est, worthy of more in- depth exploration.  

14.2    Calcifying Epithelioma 
of Malherbe 

 Calcifying epithelioma of Malherbe (also known 
as “pilomatricoma”, “pilomatrixoma”, or “tri-
chomatricoma”) is a neoplastic disease which has 
been known for some time [ 1 ]. It is generally 
defi ned as a hamartomatous neoformation of the 
pilaris matrix. 

 It is considered to be relatively rare, with an 
incidence of 1 case per 800–1,000 cases of skin 
cancer and with at least 20 new cases per year 
reported in the literature [ 2 ,  3 ], with a higher inci-
dence among females. It mainly affects persons 
in the fi rst 20 years of life, with 40 % of cases 
reported among persons younger than 10 years of 
age [ 4 ], although it can appear at any age. 
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 Calcifying epithelioma of Malherbe usually 
occurs on parts of the body exposed to sun, 
mainly on the upper body, in particular, the face 
(47 % of cases) [ 5 ] and the shoulders or upper 
trunk. Clinically, it manifests as a hard lump, 
with clearly defi ned contours which are often 
lobulated; in some cases it is dark in colour. It is 
slow growing and remains the same size for many 
years [ 6 ]. Pain is reported relatively rarely (36 % 
of cases), and in 20 % of cases there are signs of 
phlogosis [ 7 ]. 

 The lesion is usually solitary, although multi-
ple lesions have been reported, as has familial 
occurrence [ 8 ]. Calcifying epithelioma of 
Malherbe is known to be associated with other 
conditions, such as myotonic dystrophy (or 
“Steinert’s disease”) and Gardner syndrome [ 9 ]. 
The association with Gardner syndrome is possi-
bly related to an anomaly on the long arm of 
chromosome 19 [ 4 ,  10 ] and is frequently associ-
ated with the presence of mutations of the 
β-catenin gene [CTNNB1] [ 11 ]. 

 Based on a review of the literature, it can be 
deduced that the lesions are generally relatively 
small (less than 1 cm in diameter), although in an 
important study, conducted among 26 individu-
als, the diameter was greater than 2 cm in three 
individuals and between 11 and 20 mm in other 
11, with the lesion beginning on the skin and 
expanding toward to the subcutaneous fat [ 12 ]. 
Although the tumour is normally benign, it is 
usually excised surgically, so as to avoid the risk 
of spreading (though this risk is very low) and 
more often because of diagnostic doubts upon 
clinical examination. 

 In recent years, more has been learned of the 
potential biological aggressiveness of this neo-
plasia, in terms of both recurrence at the local 
level and distant metastases [ 2 ,  3 ,  13 ]. Although 
the percentage of tumours that are aggressive is 
not clear from the literature, it has been reported 
to reach nearly 2 % [ 8 ]. However, some others 
claim that the aggressiveness of this neoplasm 
has not been objectively demonstrated [ 13 ]. 
Secondary lesions are more frequently reported 
in the bone, lungs, and lymph nodes, though in 
some cases they have been reported to be ubiqui-
tous, rapidly growing [ 3 ], and not very  responsive 

to treatment [ 14 ]. Some authors, moreover, have 
hypothesised that there is an association between 
an insuffi cient initial excision and local recur-
rence and the occurrence of distant metastases 
[ 15 ]. 

 Histologically, the lesion appears as a dermal 
nodule that is well circumscribed and consists of 
basophilic cellular elements of the pilaris matrix. 
The so-called shadow or ghost cells (i.e. lacking 
a nucleus) are typical and are an expression of 
trichilemmal keratinization [ 16 ]. Calcifi cation 
and infl ammatory phenomena are common, at 
times with aspect of a granulomatous reaction to 
a foreign body. Regarding the development of the 
neoplasm, the lesions apparently begin as a cyst 
whose walls are formed of matrix cells, with a 
characteristic basaloid aspect, with a tendency to 
become eosinophilic anucleate cells (i.e. ghost 
cells). 

 Because clinical diagnosis can be problem-
atic, in the past, diagnosis was attempted using 
“soft X-ray” to identify calcifying foci. However, 
this method does not allow calcifying epitheli-
oma of Malherbe to be distinguished from other 
pathologies with a calcifi c component [ 17 ]. The 
use of traditional radiology, computed tomogra-
phy, and magnetic resonance, as well as needle 
aspiration biopsy, has not produced satisfactory 
results over the years [ 17 – 21 ], in that none of 
these methods is suffi ciently sensitive or specifi c. 
According to the literature, on ultrasound, the 
lesion typically appears as a small, hypoechoic 
nodule, located superfi cially, between epidermis 
and derma, with contours that are not necessarily 
well defi ned. A calcifi ed area is almost always 
present, and its aspect varies: it can consist of 
single or grouped foci of varying shapes, be situ-
ated centrally or peripherically, and be puncti-
form or affect the entire lesion [ 22 ]; in some 
cases, there is a peripheral hypoechoic halo; also 
in some cases there are Doppler perilesional fl ow 
signals. 

 In the past, high-frequency ultrasound was 
rarely used for studying this pathology. In fact, 
few studies have been published [ 17 ,  23 – 27 ]. In 
those studies that have been performed, the maxi-
mum frequency used was 12 MHz, which is not 
suffi cient for evaluating small and superfi cial 
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lesions. In a recently published study [ 28 ], we 
found that the use of ultrasound with higher fre-
quencies (18–22 MHz) allowed this pathology to 
be more accurately diagnosed. It also revealed, in 
addition to the two known forms [i.e. completely 
calcifi ed (Fig.  14.1 ) and partially calcifi ed 
(Fig.  14.2 )], other ultrasound patterns: a pseudo- 
cystic form (Fig.  14.3 ), which lacked posterior 
wall reinforcement, with relatively thick walls; a 
complex form (Fig.  14.4 ); and a pseudo- 
neoplastic form. The pseudo-cystic form, in 
accordance with histological results [ 29 ], seems 
to be the expression of more or less vast areas in 
which shadow cells are decidedly prevalent in the 
phase preceding the formation of calcifi cations, 
whereas the pseudo-neoplastic form seems to be 
prevalent in elderly persons, in whom pain and 
infl ammation are more common, given the longer 
clinical history of the pathology.

14.3          In-Transit Metastases 

 Malignant cutaneous melanoma is an aggressive 
pathology which is relatively common and whose 
occurrence has been increasing; in fact, its inci-
dence has doubled in the past 10–20 years 
[ 30 ,  31 ]. It is also the third most common neo-
plasm with skin metastases, which are found in 

24 % of cases [ 32 ]. Melanoma colonies in soft 
tissues are known as “satellite metastases” if they 
are no farther than 2 cm from the primitive neo-
plastic lesion, whereas “ in-transit metastases ” 
are cutaneous and subcutaneous lesions that occur 
along the lymphatic pathway between the primi-
tive lesion and the draining lymph nodes and are 
more than 2 cm from the primitive lesion [ 33 ]. 

 Ultrasound has been used in this sector for 
some time. In particular, Fornage was the fi rst to 

  Fig. 14.1    Completely 
calcifi ed nodule, with an 
internal structure that cannot 
be evaluated, because of 
eco-attenuation, due to a 
macrocalcifi cation       

  Fig. 14.2    Partially calcifi ed nodule, with an internal 
structure that can be evaluated only in part; the nodule is 
solid and hypoechoic, with well-defi ned contours and few 
relatively coarse calcifi c components       
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propose using ultrasound for detecting these 
lesions (in-transit or satellite) [ 34 ], followed by 
others [ 35 ]. High-frequency ultrasound has facil-
itated the early diagnosis of in-transit metastases. 
In particular, frequencies between 10 and 20 MHz 
have in some cases made it possible to differenti-
ate diagnostically between recurrence/metastases 
of malignant cutaneous melanoma and skin 
metastases of other malignant pathologies and 
above all between metastases and other diagno-
ses (i.e. fi bromas, lipomas, and aberrant scars) 

[ 36 ]; it can also be used to detect lesions that are 
only a few millimetres in size. 

 In-transit metastases typically appear as a 
semi-superfi cially located nodule, which is solid, 
hypoechoic, more or less round, and usually less 
than 1 cm in diameter; they have clearly defi ned 
contours, which are at times polycyclic; they are 
not necessarily solitary and are often grouped or 
confl uent (Figs.  14.5  and  14.6 ). The occasional 
presence of internal fl uidic areas seems to be 
related to necrotic phenomena and is thus more 
common in larger nodules, in which blood intake 
is insuffi cient (Figs.  14.7  and  14.8 ).

      These lesions normally show good transmis-
sion of ultrasound and reinforced posterior wall 
echo. Evaluation with colour and power Doppler 
can reveal internal vascular signals, although in 
small lesions vascular signals may be totally 
undetectable because of technological limitations 
of the instrument (Fig.  14.8 ). Moreover, high- 
frequency ultrasound allows accurate cytological 
sampling to be performed in cases of dubious 
diagnoses [ 37 ], although some authors have 
reported otherwise [ 38 ]. 

 Few studies have been performed on the use 
of ultrasound contrast medium for the diagnoses 
of these lesions. The most well known of these 
studies, conducted by Lassau in 2007 [ 39 ], 
showed that perfusion studies, combined with 

  Fig. 14.3    Nodule with fl uidic area, with a pseudo-cystic 
form; the nodule extends to the derma and has well- 
defi ned contours and scarce posterior wall reinforcement       

  Fig. 14.4    Complex nodule, 
with calcifi ed area, poorly 
defi ned contours, and with 
small cystic areas       
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normal morphological studies, provide better 
diagnostic defi nition in dubious cases and a more 
accurate evaluation of the residual tumour mass 
following treatment. 

 Since the introduction of effi cient, relatively 
non-invasive, well-tolerated, and inexpensive pal-
liative treatment, such as electrochemotherapy 
(ECT), the detection of clinically nonevident in- 
transit metastases has increased in importance. In 

particular, ultrasound can be used to both detect 
and locate these lesions, as well as to measure 
their size and the distance from the epidermis, 
given that it is possible to choose the most appro-
priate needle length for ECT. For lesions that 
have been treated properly with ECT, ultrasound 
can show (even shortly after treatment) that the 
lesion has substantially disappeared, with evi-
dence of hyperechoic dishomogeneous tissue at 

  Fig. 14.5    Single in-transit 
metastasis; the lesion is large 
and clinically evident; it is 
hypoechoic, with no colour 
signal; it is located subcuta-
neously, solid, and with 
slightly irregular contours       

  Fig. 14.6    Grouped in-transit 
metastases; the single lesion 
shows a classic pattern       
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the tumour site, at times with high absorption of 
the ultrasonic rod, with no colour signals 
(Fig.  14.9 ). Also in our experience, in-transit 
metastases that have responded to treatment do 
not show, after contrast medium administration, 
any signifi cant enhancement, whereas for lesions 
that do not completely respond to treatment, a 
more or less signifi cant enhancement persists 
after contrast medium is administered, in addition 
to some residue of the nodular lesion in B-mode.

14.4       Psoriasis 

 Psoriasis is a disease with a genetic component, 
mainly affects the skin, with clinical and mor-
phological aspects that can vary. Not infrequently 
it involves the joints, in the form of arthritis, as 
well as the nails [ 40 ]. Of particular interest is the 
use of ultrasound in the study of nail psoriasis 
[ 41 ,  42 ]. Even this specifi c form can have varied 

  Fig. 14.7    Very small 
impalpable in-transit 
metastasis, with a pseudo-
cystic form and posterior 
wall reinforcement       

  Fig. 14.8    Lesion treated 
with ECT; the nodule is no 
longer visible; residue of a 
calcifi ed form; disorganised 
adipose tissue is present       
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clinical aspects with respect to classic pitting, 
and morphology and morphological changes can 
be accurately evaluated with ultrasound, gener-
ally at a frequency of around 13–15 MHz, so as 
to have adequate penetration. 

 The nail consists of the root, the body, and the 
free edge; the body is divided into the dorsal and 
ventral plates, whereas the root consists of the 
nail (or “germinal”) matrix, which is proximal to 
and under the lunula, and, more distally, the 
 so- called nail bed. In cases of nail psoriasis, 

ultrasound shows a diffuse thickening of the nail, 
with an increased distance between the external 
edge and the anterior surface of the distal pha-
lanx; this is associated with hyperechogenicity 
and irregularity of the ventral plate, with normal-
ity of the dorsal plate (the nail itself has a trilami-
nar appearance, with a hypoechoic central band). 
Afterwards, there is a loss of defi nition of the 
ventral plate; still later, both plates have an undu-
lated appearance, and fi nally there is a loss of 
defi nition of both plates (Fig.  14.10 ).

  Fig. 14.9    Nodular lesion 
after treatment with ECT for 
a few days; a faded 
hypoechoic area can be seen; 
following the administration 
of contrast medium, no 
enhancement is evident       

  Fig. 14.10    Transverse and 
longitudinal section of nail; 
thickening of the nail 
affected by psoriasis is 
evident, with a dishomoge-
neous aspect and a moderate 
increase in the attenuation 
coeffi cient of the ultrasounds       
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   Psoriatic arthritis is a chronic infl ammatory 
arthropathy, seronegative for rheumatoid 
arthritis and which affects periarticular struc-
tures, such as the tendons and bursa. It can 
result in periosteal neoformation and bone 
involvement, which, if not diagnosed and 
treated early, can develop not infrequently into 
a disability, often permanent and at times 
severe [ 43 ]. Although radiological fi ndings of 
arthritic damage continue to be the gold stan-
dard for the diagnosis of psoriatic arthritis 
from a medical-legal standpoint, the study of 
potentially affected joints using ultrasound is 
becoming increasingly important. This is 
because ultrasound, in addition to its wide-
scale use and low cost, can reveal structural 
alterations at their onset, even in the absence of 
symptoms and when clinical examination can-
not yet reveal the early signs of joint involve-
ment, in other words, that which is considered 
as “early arthritis” [ 44 ]. In particular, ultra-
sound can detect, in addition to late alterations 
of the bone outline, early alterations in the soft 

tissues, such as joint effusion (Fig.  14.11 ), 
synovial hypertrophy, and alterations in the 
enthesis. Ultrasound can also provide func-
tional information, based on the evaluation of 
vascularity, of the dynamic behaviour of the 
tendons, and of overall articulation [ 45 ].

   For psoriatic arthritis, a fundamental applica-
tion is ultrasound after contrast medium adminis-
tration, not only for diagnosis, for which recent 
studies have reported results that are comparable 
to those obtained using magnetic resonance, but 
most of all for follow-up during therapy with 
 biological drugs. Through this evaluation, in 
which an enhancement score is attributed 
(Figs.  14.12  and  14.13 ), and the study of wash-in 
and wash out curves, it is possible to establish the 
extent of phlogosis and disease activity. In this 
way the response to therapy can be evaluated, and 
the results are similar to those of nuclear mag-
netic resonance, yet the cost is defi nitely lower 
and there is greater accessibility to this method; 
the only true limit is that the operator has to be an 
expert [ 46 ].

  Fig. 14.11    Psoriatic 
arthritis of a distal interpha-
langeal joint; a moderate 
endoarticular fl uid layer is 
present, with a moderate 
synovial reaction; internal 
colour signals are present       
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  Fig. 14.12    Psoriatic 
arthritis of interphalangeal 
joint: a joint fl uid layer can 
be seen, with synovial 
reaction; marked enhance-
ment after the administration 
of second generation contrast 
medium       

  Fig. 14.13    Small joint 
before and after contrast 
medium administration. 
Following the treatment with 
biological drugs, in this 
patient there is a permanent 
joint fl uid layer with synovial 
hypertrophy, yet the clinical 
symptoms have disappeared, 
and enhancement, after 
contrast medium administra-
tion, has disappeared       
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Abbreviations

3D 3 dimensional
FOV Field of view
MR Magnetic resonance
RF Radio frequency
SAT Subcutaneous adipose tissue
SD Standard deviation

15.1  Introduction

Cross-sectional imaging of the skin in vivo with 
noninvasive methods started about 25 years ago. 
Since that date, a lot of imaging methods have 
been proposed, most of them based on ultra-
sound, optics, or magnetic resonance (MR) imag-
ing [1]. Nowadays, skin imaging is reaching a 
certain degree of maturity which allows us to 
consider that we are moving from imaging of 
skin structures to imaging of skin functions.

In vivo imaging methods can be defined 
according to three main characteristics: the spa-
tial resolution (size of details), the chemical reso-
lution (differentiation of chemical components), 
and the temporal resolution (dynamic 
follow-up).

According to these criteria, MR imaging has a 
specific place. MR imaging can be considered as 

a very versatile tool capable to explore skin and 
underlying tissues’ anatomy at different scales. 
Also, MR imaging offers many possibilities to 
characterize molecular interactions through 
numerous MR parameters such as relaxation 
times, free/bound water differentiation, and spec-
troscopic data. Finally, first attempt to measure in 
vivo dynamics of water in skin through diffusion- 
weighted MR images illustrates how MR imag-
ing is approaching a dynamic physiological 
process.

In this chapter, we will address these 3 aspects 
with each time, in a first part, a short review, and 
in a second part, a focus on one detailed 
example.

15.2  Spatial Resolution/Field  
of View: Versatility of MR 
Imaging

15.2.1  Review

MR imaging of the skin is still a great challenge 
when submillimeter pixel size is required for 
imaging in detail the different skin layers. In the 
first studies, authors reported on developments of 
add-on devices based on a high-strength surface 
gradient coil [2, 3] or a dedicated surface radio- 
frequency (RF) detector applied for imaging nor-
mal [4–18] and diseased skin [19–28].

At such a submillimeter pixel size in a plane 
perpendicular to the skin surface, epidermis, der-
mis, and hypodermis are clearly delineated as 
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well as cutaneous appendages within the dermis. 
Epidermis appears as a bright thin layer and der-
mis as a hypointense structure. At high spatial 
resolution, hypodermis can be visualized as a 
bright thick layer where fibrous septa are visual-
ized as thin hypointense structures (Fig. 15.1).

Nowadays, standard whole-body MR scan-
ners operating at 1.5 and 3 T have gradient coils 
which intensity is sufficient for skin studies. Thus 
MR imaging is becoming much easier and only 
requires the use of a surface coil with a diameter 
ranging between 2 and 8 cm in diameter. Research 
focuses now on the design of ultrahigh sensitive 
radio-frequency detectors made of high- 
temperature superconducting coils [29, 30]. With 
such an improved image quality, new details of 
the skin architecture are visualized whose analy-
sis is still in progress (Fig. 15.2).

In dermatological practice, MR imaging as 
most of noninvasive cross-sectional imaging 
methods has not yet fully demonstrated its use-
fulness for diagnosis [31]. However MR imaging 
can help accurately define the location and limits 

of glomus tumors before excision [22] or help in 
the quantitative follow-up of treatments.

On another aspect, MR imaging is a very pow-
erful method to explore not only the skin but also 
the underlying structures as it is well known that 
skin properties and functions are depending on 
hypodermis and muscle architecture [32].

The potential of MR imaging to study skin 
and hypodermis tissues at different field of 
view (FOV) by acquiring two-dimensional 
(Fig. 15.3) or three-dimensional (Fig. 15.4) 
images at FOVs varying from 20 × 50 × 20 mm3 
to 240 × 240 × 300 mm3 has been demonstrated. 
Information on the specific invaginations of 
fat tissue within the dermis is nowadays well 
 documented as well as some results on the 3D 
architecture of fibrous septae.

15.2.2  Focus on Age-Related Skin 
Sagging of the Face

We present more in detail results on skin sagging 
of the face according to the age analyzed by 
quantifying the subcutaneous adipose tissue 
(SAT) volume, as the literature is particularly 
poor [33]. After informed consent, we acquired 
frontal MR images of the face (Fig. 15.5) on 
more than 75 volunteers with age ranging from 
18 to 70 years. Image processing was used to 
extract SAT volume, and 3D quantification was 
performed on reconstructed 3D images of SAT 
volume (Fig. 15.6).

Mean SAT volume is of about 300 cm3, and no 
difference according to the age was observed in 
this population whose main inclusion criteria 
concerned a restricted range of body mass index 
of 23 ± 1. We thus analyzed evolution of SAT 
volume in the cheeks area compared to the chin 
area. Our results demonstrate that, according to 
the age, there is a decrease of the SAT volume 
on the cheeks and an increase of the SAT volume on 
the chin. We thus defined the ptosis index accord-
ing to Eq. (15.1):

 
IPtosis

Chin

Cheeks

Volume

Volume
=

 
(15.1)

Fig. 15.1 MR image of the skin acquired in 3 min with 
an add-on device comprising a specific high-strength sur-
face gradient coil and a 3 cm in diameter surface RF coil. 
The in-plane resolution is 78 × 390 μm2, and the slice 
thickness is 3 mm. Bars = 2 mm

Fig. 15.2 MR image of the skin acquired in 10 min with 
an ultrasensitive RF detector. The in-plane resolution is 
39 × 78 μm2, and the slice thickness is 900 μm. 
Bars = 1 mm
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a c

b d

Fig. 15.3 2D MR images of the skin and underlying soft 
tissues at different field of views. Fat tissue appears as a 
homogeneous tissue at low spatial resolution. Fat lobules 
are well differentiated at high spatial resolution. (a) 

Sagittal view, (b) axial view of the thigh, (c) high-resolu-
tion image (in-plane resolution 78 × 390 μm2; slice thick-
ness 3 mm), (d) high-resolution image (in-plane resolution 
78 × 300 μm2; slice thickness 500 μm)

a

b

c

Fig. 15.4 3D visualization of hypodermis at different fields of view. (a) Fat volume on a whole thigh, (b) invaginations 
of hypodermis within the dermis, (c) 3D architecture of fibrous septae within the hypodermis
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a b

Fig. 15.5 MR imaging of the face. (a) Sagittal view. Volume of interest is graphically selected by the operator; 
(b) frontal MR images of the face. 1 over 8 contiguous slices is presented

Fig. 15.6 3D visualization of the adipose tissue of the face. Cheek sites and chin site were differentiated through 
 specific anatomical marks
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With this index, our results indicate that the 
displacement of SAT from the cheeks toward 
the chin starts at the beginning of the fourth 
decade (Fig. 15.7) [34].

In conclusion, MR imaging has confirmed to 
be the reference method for quantifying underly-
ing skin structures at an optimized spatial resolu-
tion. Such results obtained on a large number of 
volunteers will help us to go a step further in the 
knowledge of age-related changes on the face.

15.3  Molecular Characterization 
of the Skin

15.3.1  Review

Whatever the MR pixel size is, physics of the MR 
signal is related to molecular interactions of some 
nuclei which can be detected. In living tissues, 
due to sensitivity requirements, most MR imag-
ing studies concern proton interactions.

Detectable protons in skin and hypodermis are 
located in water-rich structures such as living 
epidermis and dermal matrix and lipid-rich struc-
tures such as pilosebaceous units and fat invagi-
nations within the dermis [8, 30].

As skin is composed of about 70 % of water 
protons, most MR studies focused on  quantifying 

water content and water state in the  different 
skin layers. We previously reported on relax-
ation times and free water quantification in the 
different skin layers [35] and have shown that an 
increase of the free water content in the outer-
most past of aged dermis could be related to a 
decrease of macromolecular-water sites follow-
ing degradation of the collagen with age [36], in 
good agreement with other studies [37].

Magnetization transfer was proposed for dif-
ferentiating the free water pool from the bound 
water pool [38], while more recently 1D profile at 
high [39] and ultrahigh spatial resolution in the 
direction perpendicular to the skin surface with 
the Garfield technique has been described for an 
accurate dynamic follow-up of water ingress in 
skin [40–42].

15.3.2  Focus on In Vivo Water 
Mobility Quantification

Mobility of water in the skin, which is certainly 
related to its viscoelastic properties, can be 
assessed by diffusion-weighted MR imaging 
through the measurement of the apparent diffu-
sion coefficient. Thus, the aim of the study was to 
quantify diffusion coefficients in the different 
skin layers according to the age.

After informed consent, 20 healthy volunteers 
were enrolled in this study, 10 young subjects 
(25 ± 3 years) and 10 aged subjects (65 ± 3 years). 
The study was approved by the hospital’s ethics 
committee.

We acquired anatomic and diffusion images 
(Fig. 15.8) with an anisotropic pixel size; the 
highest resolution was set at 35 μm in the direc-
tion in depth of the skin.

Results are summarized in Table 15.1. Water 
mobility in epidermis is higher than water mobil-
ity in the outer dermis, while water mobility in 
the inner dermis is much lower.

According to the age, there is a global trend of an 
increase of water mobility. These results are statisti-
cally significant in living epidermis and papillary 
dermis. To the best of our knowledge, it is the first 
time that an MR parameter  differentiates young liv-
ing epidermis from aged living epidermis.
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Fig. 15.7 Ptosis index versus age. A significant increase 
(p < 0.01) versus age is established, with a clear increase 
in the early 40s
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Such results should contribute to a better 
understanding of the aged-related mechanisms of 
transepidermal water loss and of skin biome-
chanical alterations in chrono- and photoaging.

 Conclusion

Characteristics provided by new MR whole-
body scanners are now adapted to the acquisi-
tion of MR images at a submillimeter scale as 
requested by skin anatomy. MR protocols are 
becoming simpler as they only necessitate 
standard head coil or surface coil detectors 
according to the skin site.

In this overview, we pointed out the multi-
modal potential of MR imaging. As a conse-
quence, there are no longer limitations for a 
more widespread use of MR imaging in der-
matology and cosmetology.
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16.1            Introduction 

 Before the 1980s, skin was the only organ of the 
human body impossible to explore and study quan-
titatively, in vivo, in its three dimensions.    Since 
then, two types of methods were developed and are 
now routinely used. The fi rst ones are dedicated to 
the visualisation and characterisation of the differ-
ent structural layers of the skin (ultrasounds, mag-
netic resonant imaging, confocal microscopy, 
optical coherent tomography, multiphoton imag-
ing). These are based on the recording of either ver-
tical or horizontal virtual sections of the different 
skin layers. Other types of methods are dedicated 
to skin surface imaging. Skin colour, temperature, 
micro-relief and blood fl ow can now be recorded, 
pixel by pixel, with a high 2D resolution. 

 The present method, capacitance imaging (CI), 
belongs to the latter category. CI supplies high-
resolution images of the skin capacitance [ 1 ,  2 ]. 
These images hold information simultaneously on 
two characteristics of the skin surface: the capaci-
tance or hydration map of the area under examina-
tion and its micro-topography. This chapter deals 
with the presentation of various examples of 
application of CI in skin research. The function-
ing principle of CI will be fi rst be exposed. 

16.1.1     Functioning Principle 

 CI is based on the use of a 1.8 × 1.28 cm 2   silicon 
chip onto which 92,160 micro-capacitors are 
distributed every 50 μm [ 2 ,  3 ]. The silicon 
plates are covered by a thin layer of silicon 
oxide for protection. Applied onto the skin, 
each micro- capacitor measures skin capaci-
tance at a given point, forming all together a 
capacitance image of the skin surface with a 2D 
spatial resolution of 50 μm. Each sensor cell 
contains an active capacitance feedback circuit 
whose effective feedback is modulated by the 
capacitance of the skin in contact with the mea-
suring window. This electronic circuit, for each 
pixel, is integrated on the same board. The sig-
nal is coded in 256 grey levels with the darker 
pixels representing the highest capacitance (or 
hydration) and vice versa, white ones the low-
est. The device for skin recording is called 
“SkinChip®” (L’Oréal, Paris). It can be plugged 
to the USB port of any computer equipped with 
a dedicated software, Windows®/Microsoft 
compatible. When the measuring window is 
applied onto the skin surface for 5 s, the corre-
sponding capacitance (or hydration) map of the 
skin is displayed as image in less than 1 s and is 
ready to be stored. In another mice click, differ-
ent parameters related to the investigated skin 
area (see later) are computed and displayed 
through an Excel sheet.  
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16.1.2     Image Analysis Software 

 Beside the basic software corresponding to 
acquisition of images, different software were 
developed for getting some objective characteris-
tic parameters of the skin surface. 

 Skin surface hydration relates to the “mean 
grey level” (MGL) corresponding to the mean of 
the capacitance signals delivered by each pixel. 
MGL is automatically displayed as well as the 
standard deviation of the grey levels histogram 
which can also be used as objective information 
of the grey-level unevenness of the image. 

 For better assessing evenness of an image (in 
terms of grey levels), the latter is divided in 
adjoining overlapping 9 × 9 or 30 × 30 pixel areas. 
Then, variance of MGL of these sub-images is 
displayed. This variance represents another type 
of unevenness of the global skin image. 

 Main orientations of the primary lines were 
also determined through a three-step process: 
There is fi rst a preconditioning of the image 
where the background in homogeneity of the 
images is corrected. Then, the 256-grey-level 
image was reduced to a 5-grey-level image. 
Finally co-occurrence matrices were calculated 

at different angles, and the maxima  corresponding 
to the main orientations of the lines are displayed 
(see Fig.  16.1 ).

   Primary line density is calculated from the 
preconditioned image. Following a thresholding 
of the image, a thinning process is applied and 
the “corners”, representing the crossings of the 
primary lines, are detected and displayed. Their 
density is proportional to the density of the lines, 
an important characteristic of the skin surface. 
Another skin parameter, the furrow edge length 
(FEL), may also be obtained. It correlates with 
the corner density (CD). 

 Finally, four types of information can be auto-
matically extracted from the images: density of 
the lines (CD), main orientations in degrees, 
mean hydration (MGL) and hydration evenness. 
The questioning of the parameter of choice for 
measuring skin hydration will be rediscussed 
later (see next section).  

16.1.3     Hydration Measurement 

 The excellent correlation obtained between MGL 
given by SkinChip and the  corresponding 
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  Fig. 16.1    Main directions of the primary lines of the 
ventral forearm, as they automatically appear according to 
the software dedicated to the skin micro-relief. ( a ) Main 
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“Corneometer” (C + K electronic, Cologne, 
Germany) values has been published since long 
[ 3 ]. This linear correlation has a negative slope 
due to the coding scale (0 corresponding to black- 
hydrated pixels and 255 to the white-dry ones). 
For obtaining a direct correlation, 255-MTH20 
must be plotted. This parameter then directly rep-
resents skin capacitance or hydration. Figure  16.2  
illustrates the direct correlation recently obtained 
on 120 measurements [ 4 ]. This excellent correla-
tion is not surprising because both techniques 
and its measure in fact the same parameter cor-
responding to two different skin areas: 2.3 cm 2  
for CI versus 0.5 cm 2  for Corneometer.

   Because of the skin relief (lines, pores) and 
presence of hair, there is a non-negligible part 
of the skin under measurement which has a 
very poor contact with the measuring window. 
These areas therefore tend to alter the actual 
skin capacitance measurement. To overcome 
this diffi culty, it was proposed to systemati-
cally suppress 20 % of the clearer pixels, those 
corresponding to the noncontact areas of the 
measuring window of SkinChip [ 3 ]. This new 
parameter, called MTH20, for mean thresh-
olded histogram at 20 %, is also well corre-
lated with Corneometer but has a higher range 
of variation, meaning a better sensitivity in the 
hydration measurements. 

 CI is much more than an alternative or an equiv-
alent method to the basic capacitance or conduc-
tance methods since affording the measurement of 

the actual capacitance of the skin surface. Another 
important difference with the other capacitance or 
conductance methods lies in the possibility of 
extracting the grey-level histogram which illus-
trates the evenness of skin hydration (see section 
“ageing skin”) or to  specifi cally measure sweating. 
Moreover, as it will be shown later, CI gives imme-
diate information about skin micro-relief.   

16.2     Skin Surface Investigation: 
Hydration 

16.2.1     Sweating 

 At the onset of sweating process, which is nor-
mally imperceptible, black droplets appear on 
the capacitance images (Fig.  16.3 ). Progressively, 
these droplets become larger and larger and 
fi nally merge in a continuous black area (Grove 
G, 2009) [ 5 ]. Contribution of sweating to the skin 
grey-level histogram is easy to observe because it 
corresponds to the lowest values of the histogram 
(areas of very high capacitance). Sweat amount 
can therefore be easily obtained by isolating and 
then measuring this part of the histogram by 
thresholding (Grove G, unpublished data) [ 5 ].

   By juxtaposing sequentially different Skin-
Chip images, recorded as a function of time after 
the onset of sweating, Grove produced a picture 
very informative and useful in the study of a 
pathological disease [ 6 ].  
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16.2.2     Effect of Cosmetics 

 By using CI, increase of skin surface hydration is 
quite easy to “see” and record following treat-
ment with a topical product. As mentioned above, 
quantitative results appear on line with those 
obtained with Corneometer or other capacitance 
or conductance devices. However, as compared 
to these basic techniques, CI offers a very impor-
tant information with regard the repartition of 
hydration onto the skin surface. 

 Figures  16.4a, b  give an example of a negative 
result obtained on the forearm which was treated 
for two weeks by a cosmetic product. In this 
capacitance image, the hydrated areas were 
coded in green for well distinguishing the loca-
tions of dryness (white areas). Following treat-
ment, despite a decrease in the total dry area, 
large areas of dryness still remained. An effi cient 
treatment would have suppressed the large white 
areas corresponding to a given level of dryness.

   Examination of the skin hydration map is also 
very advantageous, mostly for studying both 
evenness of skin hydration in aged people and   Fig. 16.3    Onset of the sweating process on ventral 

forearm       

a b

  Fig. 16.4    Example of a bad result obtained after a 21-day treatment of the forearm skin by a moisturiser. ( a ) Capacitance 
image of a dry forearm skin at T0. ( b ) Result obtained after treatment at T21.  Green areas  correspond to the more hydrated areas       
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depicting the hydration state at the surface of 
various skin lesions (see later).  

16.2.3     Hydration of Lips 

 CI is particularly adapted to the visualisation and 
study of the surface of the lip. Numerous studies 
on lips were carried out by using CI such as their 
micro-reliefs and their hydration, impacts of age, 
menopause, treatment by hormonal replacement 
therapy and moisturising effect of some lip-
stick… It was shown that the upper lip is more 
hydrated than the lower one and that MGL, which 
measure lip capacitance, and clinical score of lip 
dryness [ 6 ] appeared not correlated. In this study, 
the surface pattern was classifi ed into three main 
groups, irrespective of age. In another study [ 7 ], 
ageing showed no infl uence on lips capacitance, 
whereas the difference in surface capacitance 
between upper and lower lip was confi rmed. 

 A surprising result concerns the unexpected 
distribution of stratum corneum hydration 
between the internal (drier) and external part 
(more hydrated) of the lip surface (see Fig.  16.5 ). 
This result is explained by the structural differ-
ences of the living epidermis between these two 
close areas [ 8 ].

16.2.4        Skin Photo-Ageing 

 The effect of chronic daylight exposures to the 
skin surface of the chest was studied on 64 

women [ 9 ]. The severity of photo-ageing was 
clinically scored on different delineated skin 
areas, and photographs and capacitance images 
were recorded. Same were obtained from adja-
cent light-protected areas, as controls. From the 
capacitance images, skin hydration parameters, 
evenness of hydration and density of lines were 
recorded. 

 Results show that the decrease in the density 
of micro-relief lines is related to age (see later) 
and not to photo-ageing. Mean hydration of the 
skin is independent of both age and light expo-
sure. On the opposite, evenness of skin surface 
hydration appears markedly linked to the  severity 
of photo-ageing, independently of age. Uneven 
hydration is due to juxtaposition of both hydrated 
and dry tiny areas. Hydrated areas often corre-
spond to pigmented or infl amed areas and the dri-
est to hyperkeratotic and/or desquamative ones. It 
is worth noting that hydration of pigmented areas 
is sometime very low, as in lentigines. 

 Unevenness of pigmentation is one of the hall-
marks of photo-aged skin. This work demon-
strates that the unevenness of the hydration of the 
skin surface is another very relevant feature of 
photo-ageing. Interestingly, these two character-
istics are not linked.  

16.2.5     Skin Lesions 

 The capacitance of various skin lesions was 
investigated during clinical examination [ 9 ]. In 
overall, psoriatic lesions usually show a lowered 
capacitance, admixed with foci of moderately 
higher capacitance [ 10 ]. Some other lesions pres-
ent higher capacitance corresponding to infl amed 
areas. It is worth noting that sweating is often 
markedly impaired within the lesions. As said 
above, lentigines always displayed a lowered 
capacitance. Nevi are different, appearing with 
either a dark or white appearance, according to 
their infl ammatory status. Pityriasis versicolor 
lesions are clearly visible on capacitance image 
(although often invisible by naked eye for the 
smaller ones) because their anhydrotic pattern 
makes their surface drier than the surroun-
ding skin [ 11 ]. Characteristics of other lesions 
(viral warts, pigmented tumours) were investi-
gated and published [ 12 ]. The infl ammatory and 

  Fig. 16.5    Normal hydration state of the lower lip. The 
most external part of the lip is darker (more hydrated) than 
the internal part (See Caisey et al. [ 8 ])       
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noninfl ammatory types of melanocytic nevi and 
seborrheic keratosis are clearly distinguished [ 13 ]. 

 An acne papule is revealed by its target-like 
black area with a white central small circle repre-
senting the dry comedone. Follicular hyperkerato-
sis is represented by white areas of different sizes. 
Acne is a typical condition where skin capaci-
tance imaging can highlight the heterogenous 
patchwork of the electrical properties of skin [ 14 ]. 

 Systematic study of the different types of 
lesion (as it has been done for psoriatic lesions) is 
still to be undertaken to more deeply understand 
and interpret these features [ 14 ].  

16.2.6     Surfactants 

 Effect of mild surfactants on SC was studied by 
Uhoda et al., taking advantage of the great sensi-
tivity of CI to detect presence (or not) of water on 
a tiny area [ 15 ]. Indeed, some other methods give 
averaged information on a large surface, blurring 
focal and minute phenomena. This author dem-
onstrated that irritation by surfactants is a two- 
phase process: at the onset of the process, darker 
areas corresponding to over-hydrated and swol-
len corneocytes that are present. This phase is 
followed by a rapid drying out process, and 2 
days later, the area becomes of a white or very 
clear image, corresponding to dryness. 

 CI appears a method of choice for studying 
early signs of irritation in vivo on tiny areas.  

16.2.7     Exposure to Cold and Heat 

 Exposing skin to high cold or heat produces an 
infl ammation which confers to stratum corneum 
(SC) a dry condition in the following days or 
weeks. Figure  16.6  represents the consequence of 
a weak burn on the top of hand 1 month later. The 
burned area in white is clearly visible although 
neither scar nor desquamation can be distin-
guished by eye. Consequence of such a weak 
burn is a totally dry SC. This result is surprising 
since 1 month would normally ensure a complete 
renewal of SC. It was previously shown that the 
same phenomenon occurs, following a treatment 
of the skin surface by a cold liquid gas [ 3 ].

   The systematic follow-up of these phenomena 
versus time would be useful for understanding 
how these thermal aggressive treatments modify 
the epidermal turn over.   

16.3     Skin Surface Investigation: 
Micro-relief 

16.3.1     Cosmetics 

 Numerous cosmetics are dedicated to aged skin. 
According to claims usually made, these products 
are supposed conferring skin to a beautiful aspect, 
making it more radiant, fi rmer, smoother, etc. Most 
of these skin attributes depend, at least partly, on the 
quality of skin micro-relief which is hidden when 
the skin gets very dry and disorganised in aged peo-
ple. Measurement of skin micro- relief becomes 
therefore of great importance for assessing the effi -
cacy of a product. Techniques, like replicas or fringe 
projection, are adequate for quantifying micro-relief. 

  Fig. 16.6    Capacitance image of the skin surface of the 
top of hand 1 month after a weak burn. Skin surface exhib-
its a well-defi ned dry stratum corneum. This scar is quite 
invisible by eye but appears a little bit rough at palpation       
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They are however cumbersome, time-consuming 
and subjected to artefacts. Moreover, they are hardly 
usable in routine studies, when carried out on numer-
ous volunteers. These drawbacks are absent with CI. 
In a few seconds, CI allows evaluating if micro-relief 
has (or not) changed after a treatment, when chroni-
cally applied. Figure  16.7b  is an illustration of an 
effi cient treatment.

16.3.2        Skin Ageing 

 Infl uence of age on the skin micro-relief was 
quantitatively described since long by Corcuff 
[ 16 ]. In a few words, density of the primary lines 
decreases and their mean depth increases. More 
importantly, there are two main orientations at 
90° for the lines, but the percentage of people 
showing these two axes decreases versus age. 
Some anisotropy progressively takes place in the 
orientations of lines in elderly people. 

 Conclusions relative to the density of the lines 
and their relative orientations at 90° were con-
fi rmed by Berardesca et al. on two groups of 

women of  different ages [ 17 ]. The same work 
shows that the “corner density”, or CD, which 
represents the density of lines is higher on the 
ventral forearm than on the dorsal site. This result 
was confi rmed by Diridollou et al. on different 
ethnies [ 18 ]. CD is an intrinsic skin parameter 
varying on the ventral forearm, values ranging 
400 (young) to 250 (aged) per cm 2  [ 5 ].  

16.3.3     Skin Deformation 

 Under deformation, skin micro-relief parameters 
(density, mean depth, orientation of the primary 
lines) are modifi ed. This was described by 
Corcuff et al. in the case of the forearm extension 
for three groups of people of different ages [ 19 ]. 
It was shown that great differences occur between 
the groups of young and very aged people. For 
elderly women, the single main axis progres-
sively rotates to parallel the forearm axis. 

 The same type of study was carried out by means 
of CI in the case of the forearm rotation, compres-
sion and extension    (Lévêque JL   , 2011). As in the 

a b

  Fig. 16.7    Example of a good result obtained after a two-
week treatment of the top hand skin by a cosmetic. ( a ) At 
T0 skin micro-relief is disorganised, hardly visible. ( b ) 

Two weeks later, skin micro-relief appears much more 
better, quite normal       
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Corcuff’s study, the skin of elderly people exhibits 
great changes versus adult ones, particularly the ori-
entation of lines (see Fig.  16.8 )

16.3.4        Lips 

 As said above, lip’s micro-relief was investigated 
and classifi ed by different teams [ 12 ,  13 ]. CI was 
used to revisit the patterns of lips: Our own 
observations confi rmed that the major patterns 
correspond to three main types of network where 
lines cross each other, either on the whole lip or 
on their extremities [ 6 ]. 

 Lip’s lines have a function of preservation of 
the epidermal structure when lips are stretched. 
The “opening” of the lines after extension is easy 
to observe by CI (Fig.  16.9 )

16.3.5        Scars 

 CI also appears an easy parameter for routine 
observation of skin scars linked to previous 
wounds or surgery. Striae distensae also exhibit 
the same type of structural abnormality. In these 
skin tension areas, the isotropic orientation of the 
collagen bundles is altered, and a preferential 
direction of collagen may be viewed. Figure  16.10  

shows the transversal organisation of collagen 
bundles along the scar of the calf skin, after 
wound.

a b c

  Fig. 16.8    Effect of a rotation of the forearm of an aged 
person on the micro-relief of the ventral skin. ( a ) Normal, 
( b ) rotation on the right, ( c ) rotation on the left). In the 
normal position, the two main orientations of the skin 

micro-relief are equivalent (31° and 122°). In the b situa-
tion, orientation at 122° is preponderant. In the c situation, 
orientation at 31° is preponderant       

a

  Fig. 16.9    Opening of the lip lines after transversal exten-
sion ( a ) normal, ( b ) stretched)       
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        Conclusion 

 A fi rst great asset of CI is its great simplicity of 
use: CI can be used routinely in experiments 
including large cohorts of volunteers. Obtaining, 
storing an image takes less than second. 
Moreover, this image is immediately scored 
through objective parameters like density of 
lines, orientations and hydration. Other software 
can also supply information on evenness of 
hydration, a characteristic of photo-aged skin. 

 In dermatology, CI brings insights into phys-
iopathological disorders, revealing some unex-
pected features. Moreover, some details that are 
invisible by the naked eye may be recorded. 

 Cosmetology has been, up today, the main 
fi eld of CI use. The greatest advantage of this 
technology, for studying skin surface hydra-
tion, as compared to other capacitance and 
conductance methods, lies in its capacity to 
afford in real time an image which, in turn, 
yields quantitative data on both hydration of 
the skin andits micro-relief.     
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17.1  Introduction

Tissue Viability Imaging (TiVi) is an emerging 
polarization spectroscopy camera technology that 
takes subjectivity out of skin testing by making it 
possible to quantify what is generally observed by 
the naked eye. In addition to mapping skin ery-
thema and blanching, optional toolboxes provide 
for in vivo objective and quantitative assessment 
of wrinkle appearance, pigmentation, surface 
smoothness, and other skin parameters of interest. 
TiVi was designed with ease of use in mind and 
productive in gaining investigator-independent 
data from large panels of test subjects. By reduc-
ing data from a sequence of images to curves 
and indexes, TiVi is a versatile tool in skin test-
ing including evaluation of skin care products, 
assessment of pharmaceuticals, and in grading 
the performance of sensitive skin to various chal-
lenges. When investigating the skin microcircula-
tion, TiVi measures – in contrast to laser Doppler 
technology – only the concentration of red 
blood cells (RBCs) in tissue and not their veloc-
ity, thereby making the images closer related to 
what is observed by the naked eye. Furthermore, 
TiVi is not sensitive to movement artifacts and 
the distance to the object, but the amount of skin 
pigmentation modulates the output signal. This 

disadvantage is  eliminated when recording only 
changes in skin RBC  concentration as response 
to, e.g., topical application of a vasoactive agent, 
since these changes  generally appear on a times-
cale much shorter than that at which the melanin 
content of the skin is altered.

17.2  Operating Principle

Since advanced digital cameras were introduced 
in the 1990s, these devices have developed quickly 
and are increasingly used as part of advanced 
imaging systems in a variety of medical and 
other applications. To reduce the adverse effects 
of specular reflections of the illuminating light in 
the surface of the object, a cross- polarization filter 
technique is frequently used [1].

In TiVi, a high-performance digital camera is 
attached to a table-mounted stand (Fig. 17.1). 
The Illuminator comprising 96 white light- 
emitting diodes (LEDs) is attached to the camera 
lens, thereby providing a uniform and stable illu-
mination of the skin surface under investigation. 
Separate polarizing filters in front of the LEDs 
and the camera lens, respectively, form integral 
parts of the Illuminator. The system can be set to 
operate in cross- or co-polarized mode by turning 
the part of the Illuminator that hosts the LEDs. 
By setting the system to cross-polarized mode, 
surface specular reflections are effectively sup-
pressed and depth sensitivity enhanced, while 
setting the system to co-polarized mode enhances 
surface structures in the photo.
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When reaching the target, the white 
 illuminating light is partly reflected by the upper 
layer of the skin and partly diffusely scattered in 
the deeper dermal layers where the microvascular 
network is located (Fig. 17.2).

Most of the directly reflected light preserves 
its state of linear polarization, while the light 
diffusely scattered in the tissue successively 
becomes randomly polarized. The backscat-
tered linearly polarized light directed towards 
the detector is effectively blocked by the filter 
in front of the camera if the polarization direc-
tion of this filter is perpendicular to that of the 
linearly polarized illuminating light (cross-
polarized mode). A portion of the randomly 
polarized backscattered light passes through 
this filter and reaches the detector. This arrange-
ment gives the impression that the camera can 
see through the top layer of the skin and probe 

the microcirculation in the deeper dermal layers. 
The green component of the light reaching the 
detector is attenuated due to a high absorption 
in RBCs, while the red component is virtually 
unaltered because of its low absorption in the red 
blood cells. Surrounding tissue absorbs green 
and red light to approximately the same amount 
(Fig. 17.3).

The TiVi system takes advantage of this 
wavelength dependence in red blood cell 
absorption. By first separating the color 
matrixes and then applying an algorithm in 
which the value of each picture element in the 
green color matrix is subtracted from the cor-
responding value in the red color matrix, an 
output matrix representing the local RBC con-
centration is generated. After color-coding the 
elements of this output matrix, the Tissue 
Viability Image is generated.

Fig. 17.1 The Tissue Viability Imager. Lower right: Bottom view of Illuminator
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17.3  Theory

A two-layer model is used to theoretically  analyze 
the spectral content of the backscattered light 
at different skin RBC concentrations. The thin 
model top layer comprises the epidermis (approx-
imately 50–100 μm on forearm skin) which pri-
marily acts as an absorption filter at the actual 
wavelengths. The model bottom layer is infinitely 
deep and is composed of a uniform mixture of 
tissue and RBCs at  different  concentrations. The 

amount of diffusely  backscattered light from the 
bottom layer can be described by Kubelka-Munk 
theory [2].

The wavelength-dependent intensity of back-
scattered light from the skin with a polarization 
perpendicular to that of the incident-polarized 
light is described by equation [1]:

I k I T Rdper 0 0 epid∆ ∆ ∆ ∆l l l l( )∝ ( ) ( ) ( )  (17.1)

where k0(Δλ) represents the fraction of the total 
light intensity I0 within the wavelength interval 
Δλ¸ incident on the skin, Tepid(Δλ) represents the 

Camera

to Computer

Polarizing filter

Randomly
polarized
light

Linearly
polarized
light

Polarizing filter

Illuminator

Fig. 17.2 Operating principle 
of TiVi

Photo

Green plane

Algorithm

Red plane

(r − g)/(r)
Tivi image

Fig. 17.3 The true color 
photo is split up in its red 
and green plane. The 
erythema in the photo 
produced by topical 
application of methyl 
nicotinate results in a dark 
area in the green plane due to 
high absorption of green 
light in the RBCs, while the 
red plane is virtually 
unaffected
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transmission properties of the epidermal layer 
(model top layer), and Rd(Δλ) represents the frac-
tion of diffusely reflected light within the wave-
length interval Δλ¸ from dermis (model bottom 
layer). The Tissue Viability index (TiViindex) repre-
senting the local RBC concentration is defined 
as:
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where Iper(Δλr) and Iper(Δλg) represent the 
wavelength- dependent intensity of backscat-
tered light in the red and green wavelength 
regions, respectively, with a polarization per-
pendicular to that of the incident-polarized 
light, k1 is a constant that can be fitted for best 
algorithm performance, and kgain is the gain fac-
tor. For the digital camera employed, Δλr and 
Δλg are typically in the order of 100 nm. 
Inserting Eq. 17.1 into Eq. 17.2 cancelling the I0 
factor and setting k = k1k0(Δλg)/k0(Δλr), the algo-
rithm expands to:
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By this arrangement TiViindex becomes indepen-
dent of the total light intensity I0 and relates only 
to the diffusely backscattered light from the bot-
tom layer, the amount of which to some degree is 
modulated by the absorption in the model top 
layer. Since the numerator approaches zero for 
bloodless tissue, TiViindex becomes close to zero 
for low RBC concentrations. The exact tuning is 
balanced by fitting the constant k. First consider-
ing a thin epidermal layer with low melanin con-
tent, the value of Tepid can be set to 1 and Eq. 17.3 
is reduced to:
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In Eq. 17.4, TiViindex depends only of the fraction 
of backscattered light Rd(Δλr) and Rd(Δλg) within 
the red and green wavelength intervals. These 
fractions can be linked to the RBC concentration 
by use of Kubelka-Munk [2] theory and its modi-
fication [3] for an infinite uniform tissue layer 
(model bottom layer):
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where K and S are Kubelka-Munk absorption and 
scattering coefficients. Using a derivation from 
diffusion theory [3, 4], and assuming isotropic 
scattering, it can be shown that:
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where μa(Δλ) is the absorption coefficient and 
μs(Δλ) is the scattering coefficient. This implies 
that the diffusely reflected light can be expressed as:
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The total absorption and scattering coefficients 
can each be considered to be composed of two 
parts – one that relates to the RBC (μaRBC(Δλ) and 
μsRBC(Δλ)) and one that relates to the remaining 
tissue (μaTISSUE(Δλ) and μsTISSUE(Δλ)). The total 
tissue absorption μa(λ) and scattering coefficient 
μs(λ) can be regarded as a linear combination of 
these two parts [5]:

 
m l m l m la 1( ) ( ) ( ) ( )= RBC + RBCf aRBC f aTISSUE−

 
(17.8)

m l m l m ls f sRBC f sTISSUE= RBC + RBC( ) ( ) ( ) ( )1−

 
(17.9)
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where RBCf represents the fraction of RBCs 
 occupying the tissue volume. Equations 17.4, 
17.5, 17.6, 17.7, 17.8, and 17.9 thus relate the 
TiViindex and fractions of backscattered light 
(Rd(Δλr) and Rd(Δλg)) to the RBC concentra-
tion in dermal tissue. With data from the litera-
ture [5] inserted in the equations, the theoretical 
relationship between tissue relative fraction of 
RBC and TiViindex is plotted for 0, 70, and 
100 % oxygen saturation, respectively, in 
Fig. 17.4.

The influence of a thin melanin layer in the 
epidermis can be modeled as indicated in 
Eq. 17.1, by way of an absorption filter with the 
transmission function:

 
T = eepid

xaEPID∆( ) ∆( )l m l−2

 (17.10)

where μaEPID is the wavelength-dependent absorp-
tion coefficient of the epidermal layer and x is the 
layer thickness. Inserting Eq. 17.10 into Eq. 17.3 
yields:
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In forearm skin and in the skin of the back where 
most skin testing is performed, the epidermal 
layer thickness amounts to 50–100 μm, resulting 
in a numerical value in e aEPID g aEPID r x− −2 m l m l∆( ) ∆( )( )  of 
about 0.90 to 0.95 (Caucasian skin) based on val-
ues inserted from the literature [5]. If the melanin 
content in the epidermal layer is higher or if mel-
anin is present also in the subepidermal layers, a 
greater influence of melanin on the TiViindex must, 
however, be expected. The influence of epider-
mal layer thickness on the TiViindex is calculated 
from Eq. 17.11 and displayed for values of x 
ranging from 50 to 100 μm (Caucasian skin, oxy-
genated blood) in Fig. 17.5.

It can be concluded from Fig. 17.5 that a 
change in epidermal layer thickness (or alterna-
tively an increase in melanin concentration) off-
sets the TiViindex, while the gain factor is affected 
to a minor extent only. Consequently changes in 

RBC concentration are affected only to a minor 
degree by alterations in skin pigmentation for 
low and moderate melanin levels.

The nonlinearity in the TiVi value–RBC 
 fraction relationship can in practice be compen-
sated for by multiplying Eq. 17.11 by a factor 
raised to a power of the calculated TiVi value.

17.4  Instrumentation

Based on the theory for detection of diffusely back-
scattered light in tissue, a system for visualization of 
RBC concentration in dermal tissue was  developed 
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by way of polarization light  spectroscopy imaging 
(TiVi700, WheelsBridge AB, Linköping, Sweden 
[6]). The system comprises an 18 megapixel digi-
tal camera (Canon EOS 550D, Canon Inc., Japan) 
equipped with polarization filters and controlled 
remotely by a USB- connected interface with a 
portable PC (Dell Latitude (64 bit), E5510, Dell 
Inc., Round Rock, TX, USA). Camera param-
eter settings, image acquisition and processing, 
and generation of result diagrams are all accom-
plished by the dedicated TiVi700 system software 
based on MATLAB® (MATLAB, MathWorks Inc., 
Natick, MA, USA). When connected to the com-
puter, photo capturing is controlled entirely from 
the computer keyboard through the TiVi701 cam-
era software (Fig. 17.6). The Illuminator- equipped 
camera may be operated on battery power, allow-
ing photos to be stored temporarily in its internal 
memory while the camera is disconnected from the 
computer.

Parameter settings for a photo-capturing 
sequence include photo size, number of photos, 
and time interval, as well as camera lens zoom 
position and polarization. During a photo capture 
session, the TiVi701 software displays each suc-
cessive photo along with its corresponding TiVi 
image on the computer screen. If regions of inter-
est (ROI) are drawn in the photo, the average 
TiVi values within these ROI can be successively 
displayed in the monitor panel so that dynamic 
skin reactions can be observed in real time. In 
many applications, a series of photos may be 
taken in a timed sequence, allowing evaluation 
of dynamic skin reactions to topical or systemic 

 administrations of vasoactive agents that induce 
either vasodilatation or vasoconstriction of skin 
microvasculature. In the TiVi700 Analyzer 
 software (Fig. 17.7), integrated software  wizards 
and statistical measures may be used subsequently 
to visualize and quantify erythema and blanch-
ing reactions. Assessment of these physiologic 
processes relies on the conversion of TiVi image 
numeric data to curves and indexes. In compari-
son to the conventional process of assessing a 
specific skin reaction by unaided visual inspec-
tion, an objective and precise TiVi analysis can 
be done independent of the skill of the individual 
investigator. To use the integrated wizards effec-
tively, the object in a sequence of photos must 
appear in the same position in all photos. When 
photos are recorded at different points in time, 
the first photo in a sequence can be used as the 
reference photo. When successive photos are to 
be captured, preliminary test photos are displayed 
as superimposed images on the reference photo, 
allowing the subject to be repositioned continu-
ously until an acceptable overlap of the object 
in the reference photo occurs. Further alignment 
of the object in a photo sequence can be accom-
plished through the use of an integrated software 
preprocessor prior to execution of the final image 
processing. The resulting aligned photo sequence 
may then be analyzed by the TiVi700 Analyzer 
software.

The use of the integrated wizard can be demon-
strated by the analysis of a photo sequence show-
ing progressively increasing erythema induced 
by topical application of methyl  nicotinate 

Fig. 17.6 The TiVi701 Camera software user interface
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(MN). Using the last photo in the series, ROI are 
drawn around individual patch areas showing 
pronounced erythema reactions (Fig. 17.7). The 
wizard then evaluates the selected patch areas, 
automatically calculating the average TiVi val-
ues proportional to local RBC concentrations and 
qualified by a user-defined threshold value. The 
results are displayed as time traces in the TiVi 
Chart (Fig. 17.8).

Average TiVi values found in each of the first 
image’s ROI are subtracted from those of the 
 corresponding ROI in the remaining images. The 
resulting values are then automatically plotted to 
produce the curves illustrated in Fig. 17.8 above. 
These curves represent the progression of increas-
ing erythema independent of skin pigmentation 
as postulated by the TiVi theoretical model. Any 
temporal and spatial variations in skin microvas-
cular activity which may not be the direct result 

of the administered vasoactive material can be 
taken into account by selecting a reference ROI 
in an unexposed or untreated area of the skin. The 
average TiVi values derived from this site may 
then be used to produce a reference trace in the 
chart so that differences between this trace and 
all other traces can be calculated and displayed.

As an alternative to selecting ROI for analysis, 
the Cross-Section Visualizer function may be 
applied to the same set of photos to display the 
progression of erythema as a function of elapsed 
time along a user-selected cross section of the 
image (Fig. 17.9).

From the cross-section map, it can be con-
cluded that during the initial 2- to 5-min time 
period, the erythema effect occurs mainly within 
the individual patches, while in the later stages of 
the experiment, the applied substance begins to 
produce vasodilatation in the skin between the 

Fig. 17.7 The TiVi700 Analyzer user interface displaying photo and TiVi image in a patch testing procedure using the 
Finn Chamber
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individual patches. This method of presenting the 
results makes it possible to assess the pharmaco-
dynamics of a vasoactive substance that may pro-
duce an initial effect (after about 2 min in this 
particular case) and then a more widespread 
vasodilation later on.

The dynamics of a progressive erythema or 
blanching effect produced by a topically 
applied substance may also be observed over a 
prolonged period of time. TiVi images derived 
from hundreds of sequential photos taken over 
several hours can be used to produce a time-
compressed video clip which makes it possible 
to analyze slow-developing and long-lasting 
effects.

Rapid microvascular events, such as capillary 
refilling, may also be observed and evaluated by 
first capturing video at a frame rate of 25 frames 

per second. The video sequence can then be used 
to generate a set of individual TiVi images which 
in turn can be processed by any of the TiVi sys-
tem’s analytical functions to evaluate rapid 
changes in skin microcirculation.

17.5  Validation

The linear relationship between the TiVi- 
generated value and the actual concentration of 
RBCs was verified by way of a fluid model com-
posed of tightly wound latex tubing simulating 
the blood vessels of the microcirculations [5]. 
The system was perfused by fresh human blood 
mixed with saline to produce RBC concentra-
tions ranging from 0 to 4 % in steps of 0.2 %, 
which was considered to cover the physiological 

Fig. 17.8 TiVi Chart displaying the increasing TiVi values within the individual patches as a function of time.

G. Nilsson



195

range of skin tissue. Maximal oxygen saturation 
(approximately 100 %) of the mixture was pro-
vided by stirring and exposure to ambient air [7], 
while minimal oxygen saturation (approximately 
0 %) was attained by bubbling N2 gas through the 
blood samples. Five photos were captured for 
each RBC fraction and cropped to a region of 
interest covering the center of the fluid model. 
The average TiViindex values were then plotted as 
a function of the actual RBC fraction from 0 to 
4 %. For 0 and 100 % oxygen saturation, the cor-
relation coefficient was calculated to 0.998 (n = 4) 
and 0.997 (n = 20), respectively. The average 
TiViindex value calculated for the lower oxygen 
saturation was on the average 91.5 % of that cal-
culated for the higher oxygen saturation, corre-
sponding to a deviation of less than 3.9 % within 
the physiological range (70–100 % oxygen 

 saturation) well in accordance with theory. 
Therefore, in practice, TiVi can be considered 
independent of tissue oxygen saturation.

The average depth of penetration for both red 
and green photons returning to the skin surface 
has been investigated through the use of a Monte 
Carlo simulation model [5, 8] adapted to accept 
both linear and cross-polarized light. With the 
use of cross-polarized filters, the average photon 
penetration depth increased from 345 to 482 μm 
for red wavelengths and from 316 to 387 μm for 
green wavelengths. This increase in depth sensi-
tivity has also been confirmed in enhanced visual 
scoring of skin erythema while using a polarized 
light visualization system [9].

The average systematic drift in TiVi-system 
sensitivity over a 3-month time period, during 
which systems were moved between laboratories, 

Fig. 17.9 Erythema development along a line crossing two patches as a function of elapsed time (from 0 (lower part 
of map) to about 10 min (upper part of map)) following removal of occlusion cover
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is reported to be 0.27 %, while the discrepancy in 
sensitivity between different units is limited to 
4.1 %. This is due to offset rather than gain devia-
tion when measurements were performed using a 
paper of uniform pink color as the photo object 
[10]. Spatial variation in image uniformity is 
below 3.08 and 1.93 % in the corners and the cen-
ter of an individual image, respectively. The dis-
tance dependence was assessed by recording 
images alternatively at distances of 15 and 25 cm 
and calculating the TiVi values produced by ery-
thema inducing MN applied to forearm skin. No 
significant difference in average TiVi values at 
the two distances could be demonstrated (n = 25). 
In contrast to laser Doppler methodology, the 
TiVi mechanism is not sensitive to movement 
artifact because no Doppler components are 
recorded. Since all TiVi image points are recorded 
simultaneously, there is no interpretation ambi-
guity regarding spatial and temporal variations in 
skin microcirculation, as may be the case with 
raster scan laser Doppler perfusion imaging 
devices. On the other hand, since TiVi is based on 
spectroscopy, it is sensitive to all objects of a spe-
cific color.

In order to validate the predicted upward par-
allel displacement of the TiVi value with epider-
mal melanin content (Fig. 17.5), MN was applied 
on Caucasian skin having both a brown spot with 
elevated pigmentation and an adjacent area of 

low pigmentation (Fig. 17.10). Photos of the skin 
site were captured every 5 s for about 10 min to 
tack the progression of erythema both in the 
brown-spot and adjacent skin areas. When the 
TiVi values from both areas were plotted versus 
time, predicted parallel displacement was con-
firmed by the presence of higher TiVi values in 
the brown-spot area, while the sensitivity was 
found to be about the same for both areas. 
Subtracting the first photo TiVi values from each 
trace therefore results in an accurate measure of 
the erythema reaction independent of epidermal 
melanin content for low and moderate pigmenta-
tion levels. For higher pigmentation levels, how-
ever, the light cannot pass through the epidermis, 
and no information about the RBC concentration 
can be obtained.

17.6  Applications

Establishment of healthy skin RBC concentration 
reference values is important for the design of 
versatile test procedures for evaluating skin dam-
age precipitated by the use of vibrating tools, 
exposure to damaging chemicals, the presence of 
peripheral vascular disorders, and other causes. 
One of the first applications of emerging TiVi 
technology was the mapping of spatial and tem-
poral variations of RBC concentrations found in 

Fig. 17.10 Parallel displacement of TiVi value traces measured in and adjacent to a brown spot following application 
of MN to Caucasian skin
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healthy Caucasian skin at the dorsum of the hand 
while at rest and during post-occlusive hyper-
emia [11]. A lower skin RBC concentration 
(179–184 TiVi units (tvu)) was observed at the 
back of the hand and base of the thumb compared 
with areas adjacent to the nailfold region of the 
fingers (190–213 tvu) when recording was made 
at an ambient temperature of 21–23 °C. Values in 
the same range were recorded from the volar side 
of forearm skin (192 ± 19 tvu) and at the skin of 
the back (178 ± 17 tvu) in the resting state. The 
short- term variation (within 70 s) was 2 % in all 
areas of the dorsal side of the hand, while day-to-
day variations were in the range 5–7 % in the 
back of the hand and up to 10 % in areas adjacent 
to the nailfold region. In the post-occlusive 
hyperemia phase, up to a 60 % increase in skin 
RBC  concentration was observed in the early part 
of the reactive hyperemia phase. This increase in 
skin RBC concentration successively decreased 
but remained about 18 % above the pre-occlusive 
level after 30 min. Reperfusion of the skin micro-
vasculature following tissue occlusion measured 
in forearm skin revealed a strong correlation and 
high reproducibility between changes in perfu-
sion and RBC in the post-occlusive hyperemia 
phase [12], which increased with the length of 
the duration of the occlusion.

To demonstrate the potential of TiVi in the 
objective and operator-independent assessment 
of skin blanching, TiVi was used for quan-
tification of human skin blanching with the 
Minolta chromameter CR200 (Minolta, Tokyo, 
Japan) as an independent colorimeter  reference 
method [13]. Desoximetasone gel 0.05 % 
(Topicort®, TaroPharma, Taro Pharmaceuticals 
USA Inc., Hawthorn, NY, USA) was applied 
topically on the volar side of the forearm under 
occlusion for 6 h in healthy adults. The relative 
uncertainty in the blanching estimate produced 
by TiVi was about 5 % and similar to that of 
the chromameter operated by a single user and 
taking the a* parameter as a measure of blanch-
ing [14]. In a separate study, the induction of 
blanching in the occlusion phase was mapped 
using a transparent occlusion cover. The suc-
cessive induction of skin blanching during the 
occlusion phase could thereby be mapped using 

TiVi. After an occlusion time of about 6 h, the 
RBC  concentration was reduced to approxi-
mately 80 % of the initial value.

To study the barrier function of the skin, MN 
which is a water-soluble compound that rapidly 
penetrates the skin may be used [15]. In order to 
minimize environmental influence, the MN solu-
tion is applied to the skin under occlusion using 
Finn Chambers on Scanpor® application systems 
(Epicutan, Tuusula, Finland). The average maxi-
mum change in recorded TiVi value (128 ± 28 
tvu) was found to be about 70 % of the TiVi 
value recorded from unprovoked skin. The aver-
age variability in erythema intensity between 
different patches on the skin of the back of the 
same individual, following 30 s application time 
of MN (10 mml) was calculated to 22.1 % (var. 
coeff.). The average time to reach 20, 80, and 
100 % of the end point erythema was calculated 
to be 114 ± 31, 264 ± 47, and 400 ± 65.2 s, respec-
tively. The erythema extension generally spread 
outside the patch areas in which the MN was 
applied after about 5 min following the removal 
of occlusion and start of measurement, possibly 
caused by axon reflexes, histamine release, or lat-
eral diffusion of the compound. The time course 
of erythema intensity induction can be modulated 
by lowering of fat content in topical formula-
tions. A benzyl nicotinate formulation contain-
ing 10 % fat induced erythema more rapidly and 
with higher intensity than the formulation with 
higher fat content (50–80 %) as demonstrated 
by TiVi [16]. In the same study, a corticosteroid 
 (betamethasone 17-valerate) in vehicles with 
 different lipid content was used to induce skin 
blanching. A significant reduction in lag time to 
the appearance of blanching as measured with 
TiVi was demonstrated when the lipid content 
was reduced from 80 to 10 %.

In UVB phototesting of the skin, TiVi has 
been used to measure the erythema profile 
induced by a divergent UVB beam, from which 
the minimal erythema dose can be determined 
[17]. TiVi has further been used to map and 
quantify the local vasodilatation and vasocon-
striction produced by acetylcholine and sodium 
nitroprusside, respectively, and noradrena-
line and phenylephrine when these vasoactive 
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 substances were forced to migrate into the skin 
by way of  iontophoresis [18]. Capsaicin-evoked 
erythema as measured with TiVi and visual flare 
were found to be normal in patients with mul-
tiple chemical sensitivity and in eczema patients 
with airway symptoms from odorous chemicals, 
but erythema intensity generally decreased with 
age [19].

In a comparative study the skin microcircu-
lation responses were investigated during the 
reactive hyperemic phase following release of a 
pressure cuff applied around the upper arm and 
inflated to 90 and 130 mmHg, respectively, using 
a laser Doppler line scanner (LDSLS) [20], a laser 
Speckle perfusion imager (LSPI) [21], and TiVi. 
The time course for perfusion tracks recorded 
by LDSL and LSPI was similar with a reduc-
tion during the occlusion phase and a distinct 
reactive hyperemia peak (pressure 130 mmHg) 
and no reactive hyperemia (pressure 90 mmHg), 
respectively, which was reduced to pre-occlu-
sion values after about 2 min. The time course 
of the TiVi track differed from this pattern and 
demonstrated a continuous increase in erythema 
(pressure 90 mmHg) and a steady RBC concen-
tration level (pressure 130 mmHg), respectively, 
during the occlusion phase [22]. This difference 
in track signature is explained by the fact that for 
the lower pressure, the venous return is blocked 
while the arteries supplying the skin with RBCs 
are still open; however, at the higher cuff pres-
sure, the RBC volume is not altered during the 
occlusion phase. Following topical application 
of MN, all methods displayed distinct and tran-
sient erythema. When clobetal propionate solu-
tion (Dermovate®, 0.5 mg/ml, GlaxoSmithKline 
Ltd., London, UK) was topically applied on 
the skin to produce local vasoconstriction, 
both LDLS and LSPI proved to be insensitive 
to the action of the vasoconstrictor, while TiVi 
showed clear boundaries of the reaction, thus 
demonstrating its ability to map both erythema 
and blanching. Further comparison studies of 
TiVi and laser Doppler flowmetry involving 
assessment of pharmacologically induced vaso-
dilatation and vasoconstriction in human skin 
demonstrated dose-dependent and time-related 
vasodilator responses to prostaglandin E2 
and  vasoconstrictor responses to  norepinephrine 

[23], while TiVi measurements showed a higher 
sensitivity to  norepinephrine-induced vaso-
constriction.

17.7  Toolboxes

As the TiVi system was being validated for use in 
different applications, it became apparent that ded-
icated versions were needed for solving particular 
problems and that the basic principle of digital 
camera polarization spectroscopy can potentially 
be applied for evaluating other skin parameters. 
These specific embodiments of the TiVi were 
developed as toolboxes that can be optionally inte-
grated with the basic TiVi system. The general pur-
poses of each of these toolboxes are listed below.

The Skin Damage Visualizer is intended pri-
marily for direct assessment of skin damage at the 
worksite or in occupational health applications. 
Skin sites identified as having either increased 
or reduced RBC concentration are evaluated to 
determine both the extent of skin damage and 
the degree of change over time through the use 
of integrated library and trend monitor functions.

The Skin Color Tracker allows for monitoring 
changes of skin color within a user-defined color 
space. Visualizing these color changes over time 
through the use of the integrated library and trend 
monitor functions makes it possible to assess 
skin color changes that are too subtle to be 
observed by unaided visual inspection.

The Spot Analyzer is a fully automatic and 
user-independent system for assessing facial spot 
erythema intensity and extension. This toolbox is 
designed to be used as a complement to the visual 
scoring procedure.

The Surface Analyzer is designed for analysis 
of skin surface texture, employing information 
derived from photos captured in both cross- and 
co-polarization modes.

The Skin Pigmentation Analyzer creates two 
dimensional maps of local skin pigmentation in 
which the contribution from RBCs are effectively 
suppressed.

The Wrinkle Analyzer calculates the depth, 
volume, and asymmetry of individual wrinkles 
and furrows based on local intensity variations in 
the photo color planes.
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The Microstructure Analyzer evaluates micro-
scopic structures such as individual hair shafts 
and stubble with a resolution of about 3–4 μm per 
pixel with the TiVi microscope adapter attached 
to the camera lens system.

The TiVi Video Analyzer produces video clips 
captured at a frame rate of 25 frames per second 
and is intended for investigation of rapid micro-
vascular events such as capillary refilling.

17.8  Summary and Conclusion

The emerging technology of polarization spec-
troscopy imaging has been integrated into a por-
table device (Tissue Viability Imager) that allows 
for investigation of skin microcirculation and 
other skin parameters in the laboratory as well as 
at the worksite. Early applications demonstrate 
how this emerging technology can be used in the 
assessment of skin erythema and blanching in 
skin product development and testing.

The ease of use of the TiVi technology makes 
it well suited for productive and user- independent 
investigations of data from large panels of test 
subjects.
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18.1            Introduction 

 Free radicals are produced in the human body as a 
result of the metabolism [ 1 ,  2 ]. They are important 
for signalling processes in the organism [ 1 ,  3 ] as 
well as disinfector against viruses and bacteria [ 4 ]. 
If their concentration exceeds a critical value, 
these highly reactive molecules can destroy cells 
and cell compartments and cause serious damage 
to the human body [ 5 ,  6 ]. An enhanced radical for-
mation is due to infl ammatory processes in the 
human body or to environmental infl uences [ 7 ,  8 ]. 
In this context, high doses of solar radiation are 
dangerous [ 9 ]. Enhanced UV doses do not only 
evoke sunburns and skin aging but induce even 
skin cancer if signifi cant amounts of free radicals 
are generated in the skin [ 10 ]. With the antioxidant 
protection system, the human organism has devel-
oped a defense mechanism against the destructive 
effect of the free radicals. The most important anti-
oxidants in this defense system are the vitamins, 
the carotenoids, and some enzymes [ 11 ,  12 ]. The 
antioxidants are capable of neutralizing the free 
radicals before the same start damaging the body. 
Most of these antioxidants cannot be generated by 
the human body automatically, but must be taken 
in with food rich in fruit and vegetables. If the free 

radicals exceed a critical level, the antioxidants are 
destroyed, too. Thus, the detection of antioxidants 
in tissue permits at the same time conclusions to 
be drawn about the formation of radicals [ 13 ]. 

 So far, free radicals have exclusively been 
detected in vitro by means of electron paramag-
netic resonance (EPR) spectrometry. In order to 
analyze the antioxidants in tissue intricate and 
expensive methods, e.g., high-pressure liquid 
chromatography (HPLC) or mass spectroscopy 
were necessary. For both of these methods, it is 
indispensable to take tissue samples, in most cases 
biopsies. This, however, strongly restricts the 
kinetic investigations of the interaction between 
the free radicals and antioxidants, as it is impossi-
ble for ethical reasons to take large numbers of 
biopsies from the same volunteers. Recently, spec-
troscopic and spectrometric methods have been 
developed, which permit both the free radicals and 
the antioxidants to be detected in tissue in vivo 
noninvasively. In this chapter, the application of 
the in vivo EPR technology and the spectroscopic 
detection of antioxidants are described.  

18.2     Detection of Free Radicals 
and Antioxidants in the Skin 

18.2.1     Resonance Raman 
Spectroscopic Measurements 

 In 1998, Bernstein et al. had described the  resonance 
Raman spectroscopic detection of carotenoids in 
the eye, in which the carotenoid level is approxi-

        J.   Lademann     (*)   •     M.  E.   Darvin     •     J.  W.   Fluhr    
   M.  C.   Meinke    
  Department of Dermatology, Venerology and 
Allergology ,  Center of Experimental and Applied 
Cutaneous Physiology, Charité – Universitätsmedizin 
Berlin ,   Charitéplatz 1, 10117   Berlin ,  Germany   
 e-mail: juergen.lademann@charite.de  

 18      Interaction Between Free Radicals 
and Antioxidants in Human Skin 

              J.     Lademann    ,     M.    E.     Darvin    ,
    J.    W.     Fluhr    , and     M.    C.     Meinke   



204

mately one order of magnitude higher than in other 
organs of the human body [ 15 ]. In 2000, Hata et al. 
reported the possibility to measure carotenoids in 
human skin noninvasively by the use of resonance 
Raman spectroscopy [ 16 ]. In 2004, the possibility 
to detect dermal carotenoids selectively using this 
measuring principle was reported [ 17 ]. Later, the 
measurement stability was improved, and subse-
quently a setup was developed for the noninvasive 
in vivo detection of carotenoids in human skin [ 18 , 
 19 ]. Figure  18.1  shows the scheme of the measur-
ing setup. A photograph of the setup is presented 
in Fig.  18.2 . For this purpose an argon laser sys-
tem ( 1 ) was applied emitting at two wavelengths 
(488 and 514.5 nm), simultaneously (Fig.  18.1 ). 
Then, the laser beam was collimated by the lens 
system ( 2 ), fi ltered ( 3 ), and focused onto an opti-
cal fi ber ( 4 ). The 488 nm wavelength corresponds 
to the absorption maximum of both carotenoids 
β-carotene and lycopene. The wavelength of 
514.5 nm is in the absorption maximum of lyco-
pene and is absorbed by β-carotene to a small 
extent, only [ 20 ]. The absorption spectra of both 
substances and the corresponding excitation wave-
lengths are presented in Fig.  18.3 .

     Based on the two-wavelength measuring prin-
ciple, it is possible to quantitatively determine the 
β-carotene and lycopene concentrations. 

 From the base of the measuring system hous-
ing besides the laser system also the detection and 
control unit, the laser radiation is led through 
optical fi bers ( 4  and  9  in Fig.  18.1 ) into the optical 

measuring system, which is integrated into the 
handpiece ( 6 ). The handpiece contains the excita-
tion and detection channels ( 5  and  8 ) and the 
channel for measurement of backscattered light 
( 13 ). To improve the measurement stability, the 
spot of excitation beam on the sample ( 7 ) was 
widened to 6.5 mm in diameter. This optical mea-
suring system has two detection channels ( 8  and 
 13 ). Both channels collect the light backscattered 
from the skin, refl ecting it to the base through the 
optical fi bers. There, detection channel no. 1 ( 8 ) is 
subjected to a spectral analysis determining 
the β-carotene and lycopene concentrations. 
Detection channel no. 2 ( 13 ) is used to determine 
the skin type of the volunteer by measuring the 
laser energy backscattered from the skin. The 
analysis of the skin type, which is categorized 
into types I through IV according to Fitzpatrick, is 
necessary because light skin (type I) absorbs the 
laser radiation less than very dark skin (type IV). 
The radiation scattered by the skin, which includes 
the elastic scattering at the excitation wavelength, 
the fl uorescence, and the Stokes Raman scatter-
ing, is fi ltered and collected by the lens system ( 8 ) 
at the entrance of the optical fi ber bundle ( 9 ). The 
fi ltered signal is led to a spectrometer ( 10 ) 
equipped with a CCD camera ( 11 ). The obtained 
spectrum is then analyzed and displayed on the 
computer ( 12 ). The excitation radiation at 488 
and 514.5 nm  penetrates approximately 150 μm 
deep into the human skin, accessing the epidermis 
and parts of the dermis, but not the blood vessels. 
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  Fig. 18.1    Scheme    of the resonance Raman spectrometer setup [ 14 ]       
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This is of particular importance, since the system 
was  specifi cally developed for analyzing the skin. 

 A typical resonance Raman spectrum of the 
carotenoids in the skin of a volunteer (skin type 
II) is presented in Fig.  18.4 . The small  carotenoid 
signals can be recognized on a high- fl uorescence 
background. Deduction of the background and 
spectral processing yields a clearly analyzable 
resonance Raman spectrum as shown in Fig.  18.5 .

18.2.2         Refl ectance Measurements 

 Recently, a miniaturized spectroscopic skin scan-
ner has been developed, which is capable of 

a

b

  Fig. 18.2     Photos of the 
resonance Raman 
spectrometer       
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  Fig. 18.3    Absorption spectra of β-carotene ( full line ) and 
lycopene ( dotted line ) [ 14 ]       
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 analyzing by refl ectance measurements the carot-
enoid level in human skin in vivo. This scanner sys-
tem uses a light-emitting diode (LED) operating in 
the bright optical range of the  spectra. A LED emit-
ting a blue spectrum ranging from 440 to 490 nm 
(10 % of maximum intensity) overlaps the maxi-
mum of the absorption of carotenoids. Like in the 
case of the resonance Raman spectrometer, the dif-
fuse light backscattered from the skin is detected, 
and the carotenoid concentration is determined 

based on the analyses of the profi le of the diffuse 
refl ection spectrum. The dip in the diffuse refl ec-
tion spectrum measured between 458 and 472 nm 
(maximum of the absorption of carotenoids) was 
recalculated to the concentration of dermal carot-
enoids [ 22 ]. This measuring system analyzes the 
carotenoids as a whole not distinguishing between 
β-carotene and lycopene. A schematic of the skin 
scanner is shown in Fig.  18.6 . A photograph of the 
scanner is presented in Fig.  18.7 .

200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000
0.016

0.018

0.020

0.022

0.024

0.026
1,005

1,156
1,523

Wavenumber, cm–1

In
te

ns
ity

, a
.u

.

  Fig. 18.4    In vivo resonance 
Raman spectrum of human 
skin. Excitation 514.5 nm 
[ 21 ]       
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  Fig. 18.5    In vivo resonance 
Raman spectrum of human 
skin after deduction of the 
fl uorescent background and 
after signal processing [ 21 ]       
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  Fig. 18.6    Scheme of skin scanner setup for carotenoid measurements [ 21 ]       

  Fig. 18.7    Photograph of skin 
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    When the results obtained by the skin scanner 
were compared with those obtained by the reso-
nance Raman spectrometer on the same skin area 
of the volunteers, a very good correlation of the 
determined carotenoid levels ( R  = 0.88) was 
established. The limitations of this method are 
discussed in detail by our group [ 22 ].  

18.2.3     Electron Paramagnetic 
Resonance (EPR) 
Spectroscopic Measurements 

 Free radicals are short-lived, instable molecules, 
which quickly react with other compounds. 
Therefore, the EPR technique utilizes spin probes 
for detecting the free radicals [ 23 ]. These spin 
probes are specifi c radicals with a considerable 
longer lifetime ranging between some minutes and 
some hours. Reacting with the short-lived free rad-
icals, these spin probes are degraded. Consequently, 
the decline of the spin trap concentration is a mea-
sure for the free radicals formed. On the other 
hand, a slow decrease in the concentration of many 
spin probes can be observed, even if the samples 
are not affected by external stress factors such as 
UV irradiation. This signal reduction is due to the 
antioxidants in the tissue sample reacting with the 
spin probe. Thus, the kinetics of the signal reduc-
tion is a measure for the concentration of the anti-
oxidants in the tissue sample. This means that EPR 
 measurements can be applied for the detection of 
both free radicals and antioxidants. 

 There are different types of spin traps, many 
of which are nitroxides and suitable for in vitro 
 application, only. 2,2,6,6-tetramethylpiperi-
dine- 1- oxyl (TEMPO) and 3-carboxy-2,2,5,5-
tetramethylpyrrolidine- 1-oxyl (PCA) are two of the 
few substances, which can be used for in vivo inves-
tigations, too [ 24 ]. For the EPR measurements, the 
spin probe must be introduced into the tissue to be 
investigated. In vitro investigations can be done by 
submerging the tissue samples, which are in most 
cases biopsies, directly into the spin probe solution. 
In vivo investigations require the spin probe to be 
topically applied. The penetration of the spin probe 
can be stimulated by selecting a suitable formula-
tion or nanotransporter, in which the spin probe is 
applied on the skin [ 25 ]. PCA only slowly reacts 

with the skin antioxidants and is therefore used for 
the measurements of radical formation [ 26 ,  27 ], 
whereas the TEMPO is used to measure antioxi-
dants in the skin [ 26 ]. 

 In almost any case, an X-band EPR spectrom-
eter is used for in vitro EPR measurements on 
tissue samples. Operated in the frequency range 
of approximately 9.4 GHz, this system is very 
sensitive and provided with a very small sample 
compartment, only, so that it is unsuitable for in 
vivo investigations. For such in vivo investiga-
tions an L-band EPR spectrometer (frequency 
range around 1.3 GHz) must be applied. The size 
of the sample compartment of this spectrometer 
system can be dimensioned to well accommodate 
the arms and legs of volunteers (Fig.  18.8 ). 
However, due to the considerably larger distance 
between the magnets, the L-band spectrometers 
provide a far lower measuring sensitivity. 
Figure  18.9  shows an EPR spectrum of the skin.

    The decrease in intensity of TEMPO in the 
skin follows an simple exponential function 
 I ( t ) =  I  0  exp (− kt ) where  k  is the rate constant 
[ 28 ,  29 ]. The higher the rate constant, the higher 
is the antioxidative status of the skin. 

 Since this chapter refers to dermal in vivo 
measuring methods, only the L-band technology 
is discussed hereinafter.   

18.3     Carotenoids as Markers 
for the Whole Antioxidative 
Status of Human Skin 

 Both, the resonance Raman spectroscopy and 
refl ectance spectroscopic measurements permit 
only carotenoids to be detected in tissue, whereas 
the EPR method measures the antioxidative status 
although even EPR does not guarantee that all 
antioxidants are covered. Comparison of both res-
onance Raman measurements on cutaneous carot-
enoid concentration and EPR spectroscopic 
determined antioxidative status on the same volun-
teers, and skin areas showed a signifi cant correla-
tion if the lifestyle of the volunteers is stable and 
the nutrition is well balanced [ 29 ]. This indicates 
that the carotenoids can be used as marker sub-
stances for the entire antioxidative status of human 
skin. This is not surprising as the different antioxi-
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dants form protective chains in the tissue thus pro-
tecting each other against the harmful effect of the 
free radicals [ 30 – 32 ]. If carotenoids are applied 
via supplementation, the rate constant and there-
fore the antioxidative status increase as well [ 33 ].  

18.4     The Human Antioxidative 
Status 

 The carotenoid concentration in the same volun-
teer is different depending on the body site [ 19 ]. 
The concentrations at the balls of the thumbs and 

the feet as well as at the forehead exceed those 
at the forearm or the cheek by about 20–30 %. As 
a matter of principle, the carotenoid concentra-
tion is higher in the body sites with a high density 
of sweat glands. This can be explained by the fact 
that the carotenoids are supplied onto the skin 
surface mainly with the sweat [ 34 ,  35 ]. In long- 
term investigations it is important, therefore, to 
analyze always the same skin area. Preferably 
this should be the palm, which is easily accessi-
ble and clearly demarcated from other skin areas 
and has a high density of sweat glands and, con-
sequently, a high carotenoid level. Moreover, the 

  Fig. 18.8    In vivo EPR 
 measurement on a volunteer       
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  Fig. 18.9    EPR spectrum of 
TEMPO measured in the skin 
of the forearm of a volunteer 
(L-band system)       
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color of the palm is always light, so that the 
 measuring results are not or only insignifi cantly 
infl uenced by the skin type. The carotenoid 
 concentrations in the individual volunteers differ 
depending on their specifi c lifestyles and dietary 
habits [ 36 – 38 ]. Investigations on 150 volunteers 
have shown that smokers have a signifi cantly 
lower level of 21 % than nonsmokers [ 37 ]. 
Interestingly, the carotenoid values are infl u-
enced by gender. Women exhibited signifi cantly 
higher values than men ( p  < 0.05) of about 13 %. 
This correlates with investigation of blood plasma 
where the differences in carotenoids for men and 
women are correlated with a different uptake of 
carotenoids from fruit and vegetables [ 39 ,  40 ]. 
Furthermore, the study has shown that the age of 
volunteers has no infl uence on the total carot-
enoid concentration in the skin; however, for 
lycopene, a low, but signifi cant, correlation with 
age was found. 

 In Fig.  18.10  the mean carotenoid concentra-
tions of 10 volunteers measured on their palm 
and examined on 5 consecutive days are pre-
sented. The carotenoid concentration of the vol-
unteer with the highest values exceeds that of 
the volunteer with the lowest value by approxi-
mately 400 %. In parallel to the spectroscopic 
 measurements, the volunteers were asked to 

complete questionnaires on their dietary habits 
and lifestyles. As a result, it turned out that the 
carotenoid values in smokers and individuals 
living on unhealthy food had been low, whereas 
individuals on a healthy diet exhibited the highest 
carotenoid concentrations [ 36 ].

   The observation according to which dietary 
and stress factors have an immediate effect on the 
carotenoid concentration in the volunteers’ skin 
was confi rmed in a 1-year study performed on the 
staff of the Center of Experimental and Applied 
Cutaneous Physiology of the Charité [ 36 ]. The 
palms of the staff were measured every working 
day at a specifi c time. In that study, too, question-
naires were distributed to gather information 
about the dietary behavior and stress situations. 
The results of these investigations furnish clear 
evidence that the antioxidative status of the skin 
is infl uenced by two opposing processes. While 
the intake of healthy food rich, for instance, in 
fruit and vegetables causes the carotenoids in 
human skin to accumulate, any kind of stress 
leads to a degradation of the carotenoids in the 
skin. Essential stress factors are, e.g., illness, 
alcohol consumption, smoking, and stress on the 
job and in private life. Thus, healthy food alone 
does not suffi ce to keep the body healthy; any 
external stress factors must be reduced to the 
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  Fig. 18.10    Mean carotenoid 
concentrations measured on 
10 volunteers during a period 
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largest possible extent. While everybody can 
infl uence his own dietary habits rather easily, 
stress situations are more diffi cult to cope with.  

18.5     Degradation of Antioxidants 
in the Skin by Stress Factors 

 In the aforementioned studies the carotenoid 
 concentrations in the skin of volunteers were 
measured without infl uencing the volunteers’ 
dietary habits and lifestyles. These data were 
merely documented in questionnaires to obtain a 
correlation between the carotenoid values and the 
lifestyle and stress conditions. In further studies, 
the volunteers were subjected to defi ned stress 
situations. The results of these investigations 
shall be briefl y discussed hereinafter. 

 As described earlier in this chapter, a high 
level of free radicals in human skin is generated 
particularly due to the UV irradiation of the sun. 
Therefore, volunteers of different age were irra-
diated with the minimal erythema dose (MED), 
i.e., with exactly that UV dose, which is suffi -
cient to induce mild sunburn in the respective 
volunteer. The β-carotene and lycopene concen-
trations prior to and at various times after irra-
diation were determined using the resonance 
Raman spectrometer. As a result, it turned out 
that the lycopene concentration declined imme-
diately upon irradiation, while the β-carotene 
concentration declined not before approximately 
30 min [ 41 ]. An obvious explanation of this fact 
is that lycopene is considerably less stable than 
β-carotene as described in the literature [ 42 ,  43 ], 
too. While the degradation of the carotenoids 
occurs relatively quickly, within a period of 1 
or 2 h, it takes up to 3 days until the carotenoid 
concentration has reached its initial level, again. 
A similar situation was observed for the con-
sumption of alcohol. After the intake of approx. 
1 mL ethanol/1 kg weight, the carotenoid con-
centration in the skin declined drastically within 
10 min. In this case, too, it took up to 3 days until 
the initial carotenoid concentrations had been 
restored in the respective volunteers. In addition 
to measuring the carotenoid concentrations, the 
MED prior to and after alcohol consumption was 

determined, too. As a result, it became appar-
ent that the UV dose required to induce sunburn 
was distinctly reduced. Consequently, the volun-
teers, who had consumed alcohol, were affected 
quicker by sunburn. 

 Unexpectedly it turned out that even infrared 
radiation can reduce the antioxidative status of 
the skin [ 44 – 46 ]. This is the more surprising as 
contrary to the UV radiation, the photon energy 
in the infrared spectral range does not suffi ce to 
generate free radicals directly. Obviously, there 
are mechanisms in the human body, which accu-
mulate the energy of the infrared radiation and 
prompt a radical formation process. The mito-
chondria, for example, are known for triggering 
such processes. These results are in agreement 
with the fi ndings of Zastrow et al., who deter-
mined the free radicals’ action spectrum for the 
whole solar spectrum including the infrared 
range [ 9 ]. 

 With the small handheld skin scanner now 
available, the investigations had not to be 
restricted to the laboratory, any more, but could 
be performed under daily routine conditions. It 
could be demonstrated with this scanner system 
that the carotenoid concentration in women is 
slowly declining during pregnancy and even 
drastically shortly prenatal. In the skin of the 
newborns, however, extraordinarily high carot-
enoid concentrations were detected, which dras-
tically declined in the fi rst days of their life 
because of the extremely high stress. Only with 
the breast milk the newborns are fed new antioxi-
dants, which increase the antioxidant concentra-
tion in the skin, including carotenoids.  

18.6     The Accumulation 
of Antioxidants in the Skin 
by Topical and Systemic 
Application 

 The intake of fruit and vegetables as well as of 
food supplements is an important way to accu-
mulate antioxidants in the skin. This process is of 
particular importance as the skin represents the 
barrier to the environment. At this dermal barrier, 
the stress initiated by solar UV radiation-induced 
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free radicals and other environmental toxins is 
highest. Another method to increase the antioxi-
dant level in the skin is to apply them topically. 
Currently a wide range of cosmetic creams and 
lotions that contain antioxidants is commercially 
available. The importance of these  products 
is steadily increasing, specifi cally in terms of 
antiaging strategies. The measuring methods 
described in this chapter lend themselves excel-
lently to analyze the accumulation of antioxidants 
by topically applied substances. As in the case of 
the systemic application, resonance Raman and 
refl ectance spectroscopic measurements can be 
used for such investigations only if the applied 
substances contain also carotenoids. If not so, the 
measurements must be done by electron para-
magnetic resonance spectroscopy. The topical 
application offers the advantage that the antioxi-
dants are completely accumulated immediately 
after application of the product. If administered 
systemically, however, the antioxidant concen-
tration in the skin gradually increases with time. 
On the other hand, the obvious advantage of topi-
cal application is neutralized by the fact that the 
antioxidants remain in the skin only for a lim-
ited period of time. Topically applied products 
are initially on the skin surface or penetrate into 
the upper cell layers of the stratum corneum. It is 
in the rarest of cases that they penetrate through 
the skin barrier (stratum corneum) and if so at 
relatively low concentrations, only. But every 
washing process or textile contact removes large 
parts of these products from the skin. Contrary 
to that, Raman spectroscopic investigations of 
the sustainability of the systemic administration 
of food supplements have shown that enhanced 
carotenoid concentrations were still detectable 
after the end of the systemic application for 
maximally 6 weeks [ 30 ,  32 ]. This is obviously 
due to the fact that carotenoids well accumulate 
in fatty tissue, where a reservoir for these anti-
oxidants is formed from which they are slowly 
released after the end of the systemic application 
and penetrate out onto the skin together with the 
sweat and sebum. However, this is not to sug-
gest that the intake of food supplements is the 
method suited best to accumulate antioxidants 
in human skin. If applied in enhanced concentra-

tions, antioxidants, too, can lead to the formation 
of free radicals. The risk of radical formation by 
antioxidants is higher with single components at 
higher concentrations than with mixtures of sub-
stances in the physiological range. As a general 
rule, a food supplement is the more effective and 
safe, the more its composition and concentration 
corresponds to the natural intake of antioxidants 
with daily food. For the consumer, it is rather dif-
fi cult to recognize whether or not a product meets 
these requirements. Consequently, the introduc-
tion of quality standards for food supplements is 
indispensable. 

 None of these problems arise by eating fruit 
and vegetables. With the satiety the human organ-
ism has created its own natural limit preventing 
the excessive intake of antioxidants at concentra-
tions likely to be critical. Moreover, fruit and veg-
etables contain always a mixture of substances 
instead of a single antioxidant component.  

18.7     Antioxidants and Skin Aging 

 The intake of healthy food, but also of food 
 supplements, and the administration of antioxidant- 
containing creams are always intended to 
strengthen the antioxidant protective system of the 
human organism, thus protecting the body against 
illness and aging processes. As a result of Raman 
spectroscopic investigations carried out on volun-
teers at the Charité for several years, it was found 
that individuals with high carotenoid values in their 
skin looked younger for their age [ 47 ]. Based on 
this result it was tried to substantiate this subjective 
assessment by objective measurements. It had been 
intended to recruit for the study healthy volunteers, 
aged 50 years, which had not changed their lifestyle 
for years. This meant, for instance, that a former 
smoker who later desisted from smoking could not 
be included in the study. As it proved very diffi cult 
to fi nd 20 volunteers who fulfi lled these criteria, 
the age segment was extended to a range between 
40 and 50 years. The experiments were carried 
out on the forehead, being a dermal area exposed 
to light. Using an optical skin surface profi lom-
eter Primos 4.0 (GFMesstechnik GmbH, Teltow, 
Germany), skin aging was described by means of 
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the dermal roughness. This roughness is a measure 
for the depth and density of furrows and wrinkles. 
The same skin area, which had been analyzed for 
its dermal roughness, was also  subjected to mea-
surements of the carotenoid  concentration. In a fi rst 
step the values determined for the dermal rough-
ness were compared to the age of the volunteers. 
If the group of volunteers had covered an age seg-
ment between 18 and 80 years, a high correlation 
between the dermal roughness and age should have 
been expected. But as the age segment between 
40 and 50 years was rather narrow, no correlation 
between the dermal roughness and age of the vol-
unteers’ could be detected in the study. However, a 
comparison of the concentration of the carotenoid 
lycopene in the skin with the dermal roughness 
clearly showed that volunteers with high lyco-
pene concentrations in their skin were distinctly 
less affected by skin aging than volunteers with 
low carotenoid levels [ 47 ]. This objective assess-
ment confi rms the  subjective observation that the 
skin aging process can be essentially reduced by 
an effi cient antioxidative protection system. This 
is understandable as the solar UV radiation is 
the main cause of premature skin aging. The free 
radicals formed in the skin by the solar radiation 
destroy, inter alia, the collagen and elastin fi bers 
or impede their regeneration. A defense system 
with a high antioxidant level can neutralize these 
free radicals before they become harmful thus pro-
tecting the collagen and elastin fi bers of the skin, 
which makes the skin appear much younger com-
pared to the actual age. Thus, a healthy diet rich, 
for instance, in fruit and vegetables proves to be 
an excellent prevention strategy against premature 
skin aging. It is important to impart this knowledge 
particularly to children enabling them to infl uence 
their appearance over the years. Although a change 
of lifestyle at the age of 50 or 70 after having eaten 
unhealthy food for decades will have a positive 
effect in the years to come, it is impossible to “eat 
yourself young.”  

    Conclusions 

 In summary, a variety of methods is currently 
available to analyze the interaction between 
antioxidants and free radicals in the skin. The 
research results obtained noninvasively, pre-

sented in this chapter, clearly demonstrate 
that a healthy diet is a prerequisite for creat-
ing an  antioxidative protection system in the 
human body, with the infl uence of stress fac-
tors having duly to be considered. While it 
should be no problem for anybody to live on 
healthy food, the stress factors we are sub-
jected to from day to day are often beyond our 
control. 

 In any case, the accumulation of antioxi-
dants in human skin, whether through a 
healthy diet or the additional intake of food 
supplements and the topical application of 
antioxidant substances, represents an essential 
antiaging strategy.     
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19.1            Introduction 

 Raman spectroscopy, a vibrational spectroscopy 
technique, provides detailed information about 
molecular composition and molecular structure. 
When light interacts with a sample, part of the 
energy is absorbed, the other is scattered. From 
the latter portion, most photons are elastically 
scattered with the same energy and wavelength as 
the incident light (Rayleigh scattering). A small 
fraction, approximately 1 in 10 million photons, 
is inelastically scattered, with the scattered pho-
tons having a frequency different from (and usu-
ally lower than) the incident light. This fraction is 
the Raman scattering. 

 Thanks to technical progress in recent years, 
tissue characterization by Raman spectroscopy 
has received increased attention. In the past 
decade, the technique has become a routine 
method in vitro, and in vivo analysis of skin 
has become a reality [ 1 ]. Raman spectroscopy 
is complementary to IR spectroscopy, which 
analyses the absorbed fraction of light. Both 
techniques induce specifi c changes in vibra-
tional modes of molecular structures: IR-active 
bonds are those that change their dipole moment 
upon absorption of electromagnetic radiation; 
Raman- active bonds are those that change their 

polarizability. This makes Raman spectroscopy 
particularly attractive for living tissue, where the 
strong IR signal of water may easily overwhelm 
those of other tissue components. Lipid and lipo-
philic structures are particularly suited for analy-
sis by Raman spectroscopy, so that the Raman 
technique is able to provide particularly valuable 
information about the structure and composition 
of the stratum corneum (SC).  

19.2     Technical Approaches 

 The most used technical set-ups for skin analy-
sis are Fourier transform (FT)-Raman spectros-
copy, resonance Raman spectroscopy and Raman 
microscopy with or without confocal capability. 
Common components of all instruments are one 
or two lasers as radiation source, optics to illumi-
nate the sample and to focus the scattered radia-
tion and a detector. FT-Raman spectrometers use 
high excitation wavelengths (e.g. 1,064 nm) and 
employ a Michelson interferometer, which allows 
detecting photons scattered over the whole wave-
length range simultaneously by a single detector. 
The Raman spectrum of a sample is obtained 
by inverse Fourier transformation of the signal 
intensities. Alternatively, dispersive spectrome-
ters, in which the scattered radiation is dispersed 
into its constituent wavelengths with the aid of a 
monochromator via diffraction grating, can col-
lect Raman spectra much faster when equipped 
with multichannel CCD detectors [ 2 ]. The lat-
ter option is employed in the confocal Raman 
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instrument described below, in which a Raman 
spectrometer is combined with a confocal micro-
scope in one instrument. FT-Raman spectroscopy 
has the advantage of better spectral resolution 
and lower fl uorescence background and that the 
signal can be collected from larger sample areas. 
However, dispersive CCD devices with lasers in 
the visible or NIR range outweigh these advan-
tages by the speed with which spectra can and 
need to be collected in a clinical environment [ 2 ]. 

 In resonance Raman spectroscopy, the inten-
sity of the incoming laser is adjusted so that the 
scattered light coincides with an electronic tran-
sition of the molecule of interest. This requires 
the use of a tunable laser in the visible or UV 
range. The main advantage of the resonance 
Raman approach is the large increase of intensity 
for the peaks of interest; however, increased fl uo-
rescence can also compromise the quality of the 
analysis. This technique has been mainly used to 
study the content of carotenoid antioxidant sub-
stances in the skin [ 3 ,  4 ]. 

 Much of the earlier work in dermatology 
employed mainly FT-Raman spectroscopy to 
investigate skin tissue in vitro and ex vivo [ 2 ,  5 ]. 
A major breakthrough for skin analysis was the 
combination of Raman spectroscopy with confocal 
microscopy, allowing a completely non- invasive, 
real-time “optical biopsy” in vivo [ 1 ,  6 ,  7 ]. Since 
2004, specialized confocal Raman instrumenta-
tion has become available as clinical research 

tool, and the applications for investigating the 
skin structure, diagnosing skin pathologies, mea-
suring skin hydration or penetration of actives for 
product development and cosmetic claim sub-
stantiation have steadily increased. 

 A typical confocal Raman set-up for in vivo 
use employs one or two lasers in the visible or 
near-infrared range, such as 671 and 785 nm, 
respectively [ 1 ]. The 671-nm laser allows analy-
sis of the high-wavenumber region (2,500–
4,000 cm −1 ), mainly used for skin hydration 
measurements, while the 785-nm laser serves for 
analysis of the fi ngerprint region (400–
2,000 cm −1 ). Figure  19.1  shows typical spectra of 
human stratum corneum collected with both 
lasers. The use of shorter wavelengths allows 
faster collection of Raman spectra but increases 
autofl uorescence of the skin as background noise. 
Laser light in the near-infrared range penetrates 
deeper into the tissue and generates less autofl uo-
rescence but requires longer exposure times.

   The optics used in the confocal microscope 
determines the depth resolution [ 8 ,  9 ]. The system 
described by Caspers reaches a depth resolution 
of approximately 4 μm [ 6 ]. With oversampling 
in steps of 2 μm, one obtains a representative tis-
sue profi le even of body sites where the skin is 
relatively thin (cheek, forearm) (Fig.  19.2 ). Other 
non-invasive techniques such as optical coher-
ence tomography (OCT) do not yet reach this 
level of resolution [ 6 ].
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  Fig. 19.1    Typical, background-corrected Raman spectra 
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μm depth.  Left : high-wavenumber region (671-nm laser 
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   The rest of this chapter provides an overview 
of investigations using Raman spectroscopy that 
are relevant to dermatology.  

19.3     Structure Analysis 
of the Skin 

 Initial work to analyse the structure of stratum 
corneum, nail and hair with FT-Raman spec-
troscopy was published in the 1990s [ 10 – 12 ], 
and spectral bands to the different skin compo-
nents were assigned by Barry [ 13 ]. A lot of 
effort has been further focused on the analysis 
of skin lipids and, more specifi cally, ceramides 
[ 14 – 16 ]. Complementary to other techniques 
(such as X-ray, DSC, FT-IR spectroscopy), 
Raman spectroscopy has provided key insights 
into the organization of skin lipid bilayers and 

their role as barrier as well as penetration path-
way across the stratum corneum. In this context, 
the work of Williams and Barry as well as oth-
ers has been fundamental to understand the 
effect of penetration enhancers on stratum cor-
neum lipid organization [ 17 ,  18 ]. Finally, 
FT-Raman spectroscopy was also employed in 
the analysis of archaeological skin samples of 
the Iceman [ 19 ]. 

 Environmental stress and protective mecha-
nisms of the skin are subject of current research. 
Antioxidant systems in the skin, and particularly 
carotenoids, have been well characterized by 
Raman spectroscopy [ 3 ,  4 ,  20 – 22 ]. A separate 
chapter of this book is dedicated to this topic. 
Further, UV damage expressed via the isomeriza-
tion of urocanic acid from the trans to cis 
 confi guration has been reported by Japanese 
researchers [ 23 ]. 
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 Confocal Raman spectroscopy is able to pro-
vide representative hydration profi les of the stra-
tum corneum from different body sites (see next 
section). Analysing the shape and its points of 
infl exion (Fig.  19.3 ) allows determination of the 
SC thickness at different body sites [ 1 ,  6 ,  24 ]. 
Several semiautomated algorithms have been 
developed and validated against other techniques, 
in order to render this application useful for rou-
tine clinical use [ 25 ,  26 ].

19.4        Skin Hydration 

 A lot of effort has been focused on obtaining a 
deeper insight into skin hydration and the effect 
of topical moisturizers. “Traditional” methods 
such as electrical measurements of the stratum 
corneum hydration provide a fast and easy mea-
sure, but the value of this information (in particu-
lar related to interference with materials applied 
on the skin and the depth of measurement) has 
been more and more questioned as the new tech-
nologies emerge [ 6 ,  27 ]. Confocal Raman spec-
troscopy has allowed a major breakthrough in 
understanding swelling of the stratum corneum 
upon occlusion as well as in measuring the 
 benefi t different moisturizers deliver short or 
long term in treating dry skin conditions. For 
example, Stamatas et al. [ 28 ] investigated the 
uptake of lipids into the stratum corneum as well 
as their occlusive effect on the stratum corneum. 
Crowther et al. [ 6 ] were able to show the long- 
lasting benefi t of a moisturizing cream with nia-
cinamide on skin hydration via an increased SC 

thickness that leads to improved barrier function 
and higher total water content in the SC. This 
effect became signifi cant after 2 weeks of treat-
ment and remained measurable after one addi-
tional week of regression, while the other 
products did not show sustained improvement on 
skin hydration after the treatment was stopped. 
Thus, the study confi rmed a possible treatment to 
effectively break the “dry skin cycle” [ 29 ]. The 
fi ndings were not mirrored by skin capacitance 
measurements, which underlines the need for 
advanced clinical tools in identifying effective 
treatments for impaired skin barrier conditions. 

 The impact of another moisturizing agent, the 
biomimetic biopolymer pMPC, was investigated 
with a slightly different confocal Raman set-up 
[ 30 ]. Egawa and Tagami [ 31 ] studied SC hydra-
tion and NMF content of the cheek and volar 
forearm on a Japanese population and identifi ed 
effects of age, anatomical site and season. 

 Very recent research went beyond the stratum 
corneum to investigate hydration of deeper skin 
layers. Using confocal Raman microscopy in 
vitro and dynamic vapour sorption measure-
ments, Zhang et al. [ 32 ] investigated hydration 
mechanisms of human collagen and dermal pig 
tissue - with relevance for future applications in 
wound healing and skin aging. 

 Nearly all major cosmetic companies have 
now employed confocal Raman spectroscopy in 
clinical investigations to understand mechanisms 
of skin hydration and skin aging. Claims made on 
these fi ndings as well as further research reports 
in this fi eld will continue to emerge in the near 
future.  
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19.5     Diagnosis of Skin Diseases 

 While research around skin hydration is mainly 
driven by the cosmetic industry, clinical derma-
tologists also seek better tools to non-invasively 
diagnose skin diseases. The potential of Raman 
spectroscopy to help in this fi eld was fi rst dem-
onstrated in 1995 [ 33 ]. Since then, researchers 
have focused their attention on major skin con-
ditions. Psoriatic scales [ 34 ], psoriatic skin 
models [ 35 ] and clinically uninvolved skin of 
patients with atopic dermatitis [ 36 ] were com-
pared to healthy skin in vitro and ex vivo. 
Several differences in the conformation and 
bands of lipids and proteins were found, leading 
to a less-organized SC structure and, thus, a 
weaker skin barrier. Very recent efforts focused 
on the early screening to detect the prevalence to 
develop atopic dermatitis in children and to 
adapt the treatment depending on the genotype 
[ 37 ]. This study revealed that for the screening 
of the 3 fi laggrin genotype, a confocal Raman 
set-up is not necessarily required but that a sim-
pler Raman instrument with simpler resolution 
may be of advantage due to the presence of 
small, highly localized tyrosine spots in the 
skin. This could ease the accessibility of the 
technique for a routine clinical environment 
since handheld, less-expensive Raman devices 
for fi eld applications are already available for 
non- medical applications. 

 Other researchers used Raman spectroscopy 
to localize melanin distribution in the skin and to 
understand excessive pigmentation in patients 
with melasma [ 38 ]. Azrad et al. [ 39 ] detected 
alterations of the protein content in skin tissues of 
patients with bullous pemphigoid. Finally, in the 
attempt to improve early diagnosis of skin can-
cer, the water content of biopsies from benign 
and malignant tumours was measured with 
FT-Raman spectroscopy [ 40 ].  

19.6     Percutaneous Absorption 

 Besides profi ling of hydration and skin compo-
nents, confocal Raman spectroscopy also allows 
tracking the penetration of substances into the 

skin in vivo. A separate chapter of this book is 
dedicated to this topic. While this application 
presents particular interest for cosmetic and drug 
delivery applications, the confocal Raman tech-
nique also provides valuable information for tox-
icological purposes [ 41 ,  42 ]. 

 Stimulated Raman scattering (SRS) recently 
emerged as new technology to track skin penetra-
tion of actives and excipients. SRS is derived 
from coherent anti-Stokes Raman scattering 
(CARS). CARS employs multiple photons to 
address the molecular vibrations and requires 
two synchronized laser pulses of different wave-
lengths. Pump fi eld and Stokes fi eld interact with 
the sample to generate a signal at anti-Stokes fre-
quency which is orders of magnitude stronger 
than the spontaneous Raman emission. CARS is 
particularly suited for high-resolution, 3D imag-
ing with sectioning capability without the need 
for further labelling; the signal can be easily 
detected in the presence of fl uorescent back-
ground [ 43 ]. However, CARS spectra are very 
complex, image interpretation is diffi cult and the 
concentration dependence of the compound to be 
tracked is not linear. SRS microscopy refi nes this 
method in that the two synchronized laser pulses 
are tuned to a difference in wavelength that 
matches an intrinsic molecular vibrational fre-
quency in the sample. As a result, the image 
interpretation is simpler, the signal intensity is 
linear to the concentration in the sample and high 
sensitivity for the compounds of interest is 
achieved. A separate chapter in this book is dedi-
cated to this technique. 

 SRS has been used for ex vivo investigations 
in mouse skin, where the penetration of ibupro-
fen and ketoprofen was simultaneously imaged 
to that of propylene glycol [ 44 ]. This study was 
able to outline the contribution of the follicular 
and intercellular pathway to the overall penetra-
tion of the drugs. The SRS images further showed 
much faster penetration of propylene glycol 
across the stratum corneum, leaving the actives 
crystallized behind in the stratum corneum. 
Understanding the fate of the different formula-
tion components once applied onto the skin is 
key to effective formulation design. For formula-
tors, therefore, these technical  developments 
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are exciting prospects for improving the effi -
cacy of topical treatment and enhancing patient 
engagement in long-term dermatological 
therapy.  

19.7     Summary and Conclusions 

 Over the last decade, Raman spectroscopy has 
emerged to a non-invasive, established clinical 
research tool that benefi ts clinical dermatology as 
well as cosmetic and pharmaceutical product 
development. Applications range from skin 
structure analysis, response to environmental 
stress, diagnosis of skin disorders and skin hydra-
tion to penetration of actives for drug delivery 
and toxicology. Confocal Raman spectroscopy 
has provided a major breakthrough in this but 
represents for in vivo use, a signifi cant invest-
ment. To increase success and widespread use 
beyond research and specialized labs, the devel-
opment of fi bre optics and portable, affordable 
equipment is required. Algorithms to automati-
cally and reliably analyse large data sets from 
clinical trials need to be extended beyond 
hydration. 

 Recent SRS studies demonstrated concomi-
tant analysis of the penetration of drug and key 
excipients. This opens the way for more detailed 
investigation on how key excipients interact with 
the drug active as well as the skin barrier. This 
will provide valuable insights to design more 
effective topical formulations and to achieve 
improved patient engagement in the long-term 
treatment of common skin conditions.     
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      Abbreviations 

  CARS    Coherent anti-Stokes Raman scattering   
  CN    Condenser   
  DMSO    Dimethyl sulfoxide   
  F    Filter   
  FTIR    Fourier transform infrared spectroscopy   
  HPLC    High-performance liquid chroma-

toraphy   
  LIA    Lock-in amplifi er   
  M    Modulator   
  OL    Objective lens   
  PD    Photodiode   
  RA    Retinoic acid   
  SRG    Stimulated Raman gain   
  SRL    Stimulated Raman loss   
  SRS    Stimulated Raman scattering   

20.1          Introduction 

 Successful treatment of dermatological disease 
relies on effi cient drug delivery through the skin 
to the site of action. To optimise a formulation, 
the extent of drug uptake into and through the 
skin must be monitored. There are currently a 

number of different methods for investigating 
drug permeation through the skin [ 1 ], but all 
approaches suffer from various drawbacks. For 
example, a common technique is tape stripping, 
in which layers of the stratum corneum are con-
secutively removed using adhesive tape, for sub-
sequent chemical analysis (e.g. by HPLC). Tapes 
are weighed pre and post application to the skin 
to determine the amount of stratum corneum 
removed and to calculate the concentration of 
drug in each layer and thus generate the drug dis-
position profi le. This laborious technique is 
destructive/invasive, an undesirable trait, which 
also blights many other methods such as microdi-
alysis, suction blister formation and punch 
biopsy. In addition, these techniques offer no 
insight into the penetration pathway of the drug. 

 Imaging techniques such as confocal micros-
copy [ 2 ] are useful to visualise the skin and its 
deeper layers to reveal the permeation route 
taken by the drug, for example, via the intercel-
lular lipid matrix between corneocytes or through 
the hair follicles. However, the major limitation 
of this technique is that it is restricted to fl uores-
cent probes. Labelling a drug with a fl uorescent 
marker would greatly affect its physicochemical 
properties and therefore its permeation kinetics 
[ 3 ], rendering the experiment of little use. 

 Spectroscopic techniques such as FTIR have 
been used to detect chemicals in the skin [ 4 ,  5 ], 
without the requirement for chemical labelling; 
however, this technique is limited to the outer 
skin surface. Confocal Raman microspectros-
copy [ 6 – 10 ] allows depth sectioning, but the 
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 output lacks information about permeation 
 pathways that would be possible with a visual 
technique, and the comparatively long pixel 
dwell times compromise the data integrity. 

 The shortcomings associated with the techniques 
discussed above are addressed by coherent Raman 
scattering microscopy [ 11 – 13 ].This approach pro-
vides an elegant solution by enabling optical sec-
tioning using confocal microscopy, while utilising 
two lasers to probe Raman interactions rather than a 
single source to excite fl uorescence. Mechanistic 
insight into the drug pathway can be gained by 
acquiring 3D images to reveal real-time disposition 
of the components of a formulation.  

20.2    Principles of Coherent 
Raman Scattering 

 Stimulated Raman scattering (SRS) and coherent 
anti-Stokes Raman scattering (CARS) harness the 
Raman effect [ 14 ,  15 ], based on molecular polaris-
ability, in which a photon is inelastically scattered 
by the sample, surrendering part of its energy and 
emerging with a lower frequency related to a vibra-
tional frequency of the molecule. It can be thought 
of as arising from a ‘virtual’ transition to an excited 
state, before returning to a different state. 

 The amount of energy needed to excite a molec-
ular vibration depends on the masses of the atoms 
involved in the vibration and the type of bond(s) 
between them and is infl uenced by the chemical 
microenvironment. Molecules with N atoms have 
{3N – 6}independent vibrational modes, many of 

which may be excited by a Raman scattering 
event [ 16 ]. Consequently, a Raman spectrum is 
highly specifi c and carries detailed molecular 
information about the sample. 

 For coherent Raman scattering microscopy, two 
incident laser beams are aligned with a frequency 
difference which matches the molecular vibrational 
frequency of the substance under investigation. 
These two aligned lasers are guided into the confo-
cal microscope as illustrated in Fig.  20.1 .

   The Jablonski energy diagram in Fig.  20.2a  
demonstrates the CARS and SRS processes. For 
CARS, a new signal is generated at a different 
(the anti-Stokes) frequency. Because the signal is 
generated at a different wavelength to the inci-
dent laser beams, detection is relatively straight-
forward and can be achieved by spectral 
separation and a photomultiplier tube.

   For SRS, the transitions result in a change in 
intensity between the pump and the Stokes beams, 
illustrated in Fig.  20.2b . The vibrational excited 
state of the functional group of the molecule is 
populated when the energy difference between 
pump and Stokes matches the vibrational energy 
of the transition. The resulting excitation requires 
energy, and due to the laws of the conservation of 
energy, the incident lasers provide the energy for 
the transition to the excited energy state. To 
achieve this, a photon from the pump beam is 
annihilated, while a new photon is created in the 
Stokes beam. Accordingly, the intensity of the 
pump beam decreases on interaction with the sam-
ple (stimulated Raman loss, SRL), while the 
Stokes beam gains energy (stimulated Raman 
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  Fig. 20.1    Diagram of a laser 
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gain, SRG). These two processes are collectively 
known as stimulated Raman scattering. 

 The intensity changes of the pump and Stokes 
beams are measured after interacting with the 
sample. The pump beam is fi ltered and then 
detected by a photodiode, and the stimulated 
Raman loss of the beam is measured using a 
lock-in amplifi er to generate each pixel of the 
image. Three-dimensional images are obtained 
by raster scanning across the sample in conjunc-
tion with depth sectioning, achieved using a con-
ventional confocal laser scanning microscope. 

 It is possible to simultaneously detect SRS and 
CARS if desired, since both processes occur in the 
sample under suitable excitation conditions. If detec-
tion of both SRS and CARS is required in the same 
direction, this can be achieved using a beam splitter.  

20.3    Advantages of SRS 
over CARS 

 For quantitative monitoring of drug permeation 
through the skin, SRS is the more suitable tech-
nique. The signal output from SRS is identical to 

the spontaneous Raman spectrum, and the linear 
concentration dependence allows more straight-
forward quantitative analysis. In contrast, CARS 
generates complex vibrational spectra, for which 
image interpretation is much more challenging, 
and the concentration dependence is quadratic. 
CARS sensitivity is also limited by its nonreso-
nant background, whereas SRS does not have a 
nonresonant background, and offers excellent 
vibrational contrast with chemical selectivity. 
Staining is not required, and there are no compli-
cations arising from photobleaching.  

20.4    Applications 

 Stimulated Raman scattering offers unique 
advantages over conventional methods to investi-
gate drug permeation through the skin. These 
features may be highlighted by a number of pub-
lished examples. 

 Ketoprofen in a vehicle of deuterated propyl-
ene glycol was tracked as it permeated murine 
ear skin ( ex vivo ) by Saar et al. [ 13 ]. The drug and 
the vehicle penetration into the skin were 
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 independently monitored by SRS by tuning the 
laser to the relevant wavelength corresponding to 
the peak maxima of the spontaneous Raman 
spectra (Fig.  20.3 , panel a) to image each compo-
nent (1,599 and 2,120 cm −1 , respectively), in 
addition to the skin itself, by tuning to the CH 2  
stretching frequency of the skin lipids 
(2,845 cm −1 ).

   Figure  20.3b  shows SRS contrast at 2,845 cm −1  
(CH stretching) for skin lipids in mouse ear stra-
tum corneum. The skin architecture is visible 

revealing the hexagonal-shaped corneocytes, 
framed by the CH 2  signal from the intercellular 
lipids. In addition, the off-resonance image 
recorded at 1,748 cm −1  (Fig.  20.3c ) demonstrates 
the strong contrast achieved. 

 Figure  20.4a  shows a time-course experiment, 
during which the lasers were tuned between 1,599 
and 2,120 cm −1  to obtain contrast for ketoprofen 
and propylene glycol-d 8 , respectively. Images 
were recorded at increasing depths (as labelled). 
Over the duration of the experiment, the signal 
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  Fig. 20.3    Panel ( a ): Spontaneous Raman spectra of 
mouse skin lipids, ketoprofen and propylene glycol-d 8 . 
Panels ( b ,  c ): SRS images of mouse ear stratum corneum, 

by tuning to the skin lipid CH 2  stretching frequency 
(2,845 cm −1 ) and off-resonance (1,748 cm −1 ), respectively. 
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arising from both the ketoprofen and propylene 
glycol increases, as the chemicals penetrate the 
skin. The relative amounts of drug and excipi-
ent at each depth were determined by the rela-
tive ratio of total integrated signal, using image 
processing software. The profi les presented in 
Fig.  20.4b  were normalised to one at the surface, 
since the concentration of the excess  formulation 

applied on the surface does not  signifi cantly 
change over the duration of the experiment. It 
was found that propylene glycol penetrated the 
skin more rapidly than ketoprofen.

   Figure  20.4  shows how it is possible to 
acquire kinetic information, by generating a 
chemical disposition profi le in addition to 
mechanistic information from the images, for 
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example, in this case, the drug penetration via 
a hair follicle  versus the intercellular lipids of 
the stratum corneum. The signal from the spe-
cifi c regions of interest was integrated for com-
parison at the same depth as a function of time. 
It was found that the PG penetration via the 
hair shaft was rapid and reached steady state 
before the fi rst measurement, whereas the sig-
nal from the corneocytes steadily increased 
over time. 

 A study of the permeation of retinoic acid 
(RA) in dimethyl sulfoxide (DMSO) also demon-
strated the chemical specifi city and high- 
resolution 3D imaging enabled by SRS 
microscopy [ 11 ]. DMSO, RA and skin lipids 
have distinct, individual vibrational frequencies 
of 670, 1,570 and 2,845 cm −1 , respectively. 
Mapping the drug and solvent demonstrated that 
the hydrophobic RA permeated exclusively 
through the intercellular lipids, whereas the 
hydrophilic DMSO is less soluble in the lipid 
structures and instead partitioned much more 
avidly into the protein phase. 

 An additional benefi t of SRS microscopy is 
the visible information obtained which is not 
accessible when using other methods, for exam-
ple, the so-called metamorphosis of topically 
administered drug formulations. Historically, it 
has been suggested that one reason for poor bio-
availability is the isolation of drugs in the skin as 
the excipient penetrates the skin faster than the 
drug, leading to crystallisation. Although some 
indirect evidence has been reported, SRS offers 
direct, visible proof. Figure  20.5  shows an image 
of ibuprofen crystals which have formed on/in 
the stratum corneum of mouse skin, 25 min post 
application of the drug at approximately 90 % 
saturation in propylene glycol [ 13 ].

   Although deuteration of chemicals is not an 
absolute requirement for this technique, it can 
provide signifi cant benefi t in the event that there 
are not a set of wavelengths at which contrast 
for the skin, drug and vehicle can be exclusively 
obtained. 

 The absorption of formulation by the skin can 
result in some swelling of the tissue, which can 
cause complications in experiments of long dura-
tion. However, this can be managed by recording 

the CH 2  stretching signal from skin lipids to track 
any three-dimensional movement; that is, because 
physiological structures in the skin can be visual-
ised, they can be used as ‘landmarks’. Thus, dif-
fusion of chemicals can be separated from tissue 
movements. Laser power and pixel dwell time 
should be minimised to prevent damage to sensi-
tive biological samples. In particular, tissues con-
taining large amounts of pigment such as melanin 
may be more challenging or even unsuitable for 
imaging, since the pigments absorb more energy 
from the laser than non-pigmented tissue, leading 
to localised burning. 

 SRS has also been employed to image 
physiological structures within the skin such 
as sebaceous glands [ 17 ], so there are wide-
ranging possibilities for investigating drug tar-
geting to specific appendages. In addition to 
the in vitro studies described above, Saar et al. 
have more recently reported SRS imaging per-
formed in vivo in the forearm of a living 
human [ 12 ]. 

 Coherent Raman scattering microscopy offers 
both visual information in addition to chemical 
specifi city and is uniquely able to reveal informa-
tion, which would not be attainable from tech-
niques such as tape stripping.     

  Fig. 20.5    Crystallisation of ibuprofen-d 3  in propylene 
glycol on mouse ear skin, recorded 25 min after applica-
tion. SRS contrast was obtained at 2,120 cm −1 . Scale 
bar = 50 μm       
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Abbreviations

ASTM American Society for Testing and 
Material Standards

DMAE 2-(Dimethylamino)ethanol
FWHM Full width at half maximum
IRHD International rubber hardness degree
RRT Resonance running time

21.1  Introduction

The role of skin as a multipurpose barrier (bio-
chemical, biological, immunological, physical, 
mechanical, thermal, etc.) has been an active 
field of research of investigative dermatology 
for a long time [1]. From the mechanical point 
of view, it provides a viscoelastic wrapping that 
holds together the internal tissues and organs. 
Due to this viscoelastic nature, the skin can trans-
mit mechanical tension, as well as play a role of 
mechanical insulation acting as a shock absorber 
to external impulses. The skin is always under 
varying amounts of tension and allows flexing 
and locomotion by adjusting and redistributing 
the applied forces. This adjustment and redis-
tribution of forces are the result of its ability to 

deform both elastically (reversibly) and  plastically 
 (irreversibly) in the direction of the applied force.

The mechanical strength of the skin is primar-
ily attributed to the dermal matrix, which consists 
predominantly of collagen and elastin. Collagen 
molecules form fibrils, fibers, and bundles, which 
are arranged in a basket-weave pattern. This allows 
the dermis to deform due to pressure and at the 
same time to minimize tears. The collagen bundles 
vary in size as we progress from the upper (papil-
lary) to the deeper (reticular) layers of the dermis 
and are normally under tension that ranges from 0 
to 20 N/m depending on the body site, direction, 
and posture [2, 3]. Ever since the nineteenth cen-
tury, surgeons have recognized the fact that this 
tension load is directional by observing that circu-
lar punctures in skin produce elliptical holes [4]. 
These lines, termed “Langer’s lines,” represent the 
directions of the skin’s maximum tension and have 
been identified over the whole body [5, 6]. They 
are used as the preferred direction in which surgi-
cal incisions are made so that the tension across 
the wound is minimal. Furthermore, it is known 
that dermal fibroblasts generate tension and 
change their orientation along the tensile direc-
tion [7]. The mechanical properties of the skin are 
thus expected to follow the anisotropy in tension 
defined by the Langer’s lines.

Reduction of skin elasticity with aging is 
attributed to skin thinning due to loss of elastin 
and collagen in the dermal matrix [8, 9], as well 
as to loss of subcutaneous tissue mass (fat layers 
and muscle mass) and stiffening of collagen with 
increased cross-linking. Age is also expected to 
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affect the directionality of the mechanical 
 properties of the skin. During development, from 
infancy to adolescence, skin is expected to 
respond to tension isotropically to accommodate 
for growth, while in adulthood this isotropic 
behavior is expected to regress due to site- specific 
habituation to tension.

A number of techniques have been developed 
to study the mechanical properties of the skin and 
their dependence on aging [10, 11]. They are pri-
marily based on the concept that assessing the 
applied force necessary to pull or push the skin 
gives an estimate of the elastic and plastic prop-
erties of the tissue, and they can be classified in 
the following categories: (a) instruments that 
generate a light vacuum on the skin surface and 
determine the height to which the skin may be 
pulled under constant suction and then the rate at 
which the skin returns to its original shape, (b) 
instruments that use two concentric cylinders that 
are placed in contact with the skin and measure 
the angular displacement under torque and the 
rate at which the skin returns to equilibrium once 
the torque is removed, and (c) instruments that 
assess the firmness/elasticity of the skin by deter-
mining the speed of a small mass as it bounces 
after striking the skin with a predetermined 
velocity [12]. All of the above types of instru-
mentation measure parameters that are affected 
by the mechanical properties of the skin surface 
as well as the deeper structures of the dermis and 
even the subcutaneous tissues. Therefore, the 
information we can get from them is not always 
limited to the skin. These methods do not offer 
any information on mechanical anisotropy.

Another type of instrument (Reviscometer® 
RVM 600) allows for the evaluation of the 
mechanical properties of a material by measuring 
of the propagation time of a shear wave between 
two sensors placed on the material surface. The 
distance between the sensors and the frequency 
of the shear wave determines the penetration 
depth of sampling. The Reviscometer® has been 
designed to sample up to a few tenth of microns 
in depth making it suitable for measurements of 
the mechanical parameters of the epidermis and 
the papillary layers of the dermis. The applied 
pulse frequency is in the audible range (4.5 kHz). 

The velocity of sound in a material depends on 
the density of the material and tension that it is 
under. Mechanical vibrations propagate faster 
at the direction of higher tension, and as with a 
guitar string, the higher the tension, the higher 
the frequency of oscillation after plucking. As the 
preferred disposition of the collagen fibers cor-
responds to the skin’s cleavage lines (Langer’s 
lines), the speed of propagation of elastic dis-
turbances on the skin will depend strongly on 
orientation.

Previous investigations have shown a weak 
dependence of the shear wave propagation time 
on the skin with aging [3, 13–17]. A common 
denominator of these studies was that the mea-
surements were performed at a limited number of 
angular positions of the probe, typically at four 
positions at increments of 45°. Therefore, direc-
tional features with angular width less than 45° 
were ignored or averaged out.

The administration of topical all-trans retinoic 
acid to photoaged skin reduces fine wrinkling 
[18]. This is associated with histological changes 
in both epidermis and dermis. Epidermal changes 
include thickening and compaction of the stratum 
corneum and increased proliferation of keratino-
cytes. In a topical treatment study with tretinoin 
at 0.05 % by Berardesca [19], the skin elasticity 
increased significantly after 4 months when com-
pared with placebo-treated sites.

Grando [20] demonstrated that human epider-
mal keratinocytes express acetylcholine-gated 
ion channels with functional and structural char-
acteristics similar to those of nicotinic acetylcho-
line receptors (nAChRs) previously believed to 
be expressed uniquely by neurons of the sympa-
thetic ganglia and brain. Such nAChRs were 
involved in modulation of keratinocyte motility, 
retraction of the cytoplasmatic projections, and 
intercellular adhesion.

A number of compounds (agents) have been 
identified to have action on keratinocytes and 
have been described as a cellular volume con-
traction in vivo and in culture [21]. Among them 
2-(dimethylamino)ethanol (DMAE), that is a 
biochemical precursor to the neurotransmitter 
acetylcholine, has such effect on keratinocytes. 
Mechanistically, this action has been shown to be 
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due to modulation of motility and intercellular 
adhesion of keratinocytes.

In this chapter, we demonstrate through a 
number of studies the sensitivity and utility of 
the Reviscometer to provide unique informa-
tion on the directional dependence of elastic 
parameters of the superficial layers of the skin 
and its ability to assess changes in keratinocyte 
morphology noninvasively. Thus we attempt 
to characterize the tensile forces acting on the 
skin surface by measuring the anisotropy of the 
viscoelastic properties of the skin at different 
ages, correlating the changes in the anisotropy 
with structural features of the skin and mea-
suring morphological changes in the viable 
epidermis keratinocytes using reflectance con-
focal microscopy. To this end we established 
a new data acquisition methodology for the 
Reviscometer® with high angular resolution, 
and we defined a novel mechanical parameter 
that relates to the anisotropy and coherence of 
skin viscoelasticity.

21.2  The Instrument Hardware

The Reviscometer Model RVM 600 is an instru-
ment developed by Courage Khazaka, Cologne, 
Germany, that measures the propagation of 
superficial shear waves in skin. In 1980, Prof. 
Hagen Tronnier [22] developed a method to mea-
sure resonance frequencies in skin. Later, in 
1999, Vexler [17] described a viscoelastic skin 
analyzer that resembles more the commercial 
instrument.

A noninvasive way to assess the mechani-
cal properties of viscoelastic materials such as 
the skin is by investigating the propagation of a 
mechanical disturbance along their surface. The 
speed of propagation of a pulse or of a periodic 
(wave) mechanical disturbance depends on the 
tension in the material in the direction of prop-
agation and on the density of the material [23]. 
The amplitude of such a stimulus should be small 
so that no permanent changes are produced in the 
material, and the coupling between the device 
producing the perturbation and the medium under 
study, e.g., the skin, should be robust [17, 24–26].

The probe that comes in contact with the skin 
includes two transducers spaced by approxi-
mately 2 mm and mounted on two independent 
supports. One transducer generates a small 
amplitude acoustic pulse, <0.2 mm, in the audi-
ble range 4.5 kHz, and the second acts as the 
receiver. The time it takes for the acoustic pulse 
to travel from the transmitter to the receiver is 
defined as the resonance running time (RRT). 
The values of the RRT may be used to calculate 
the velocity of propagation of the acoustic pulse. 
If we consider the one-dimensional longitudinal 
model for the sonic propagation from Dahlgren 
[13], Young’s modulus of elasticity (E) of the 
material is directly related to the square of the 
sonic transmission velocity, c:

 E dc= 2 610•  (21.1)

where E is in N/m2, d is the density of the skin in 
g/cm3, and c in m/s. Therefore, the modulus of 
elasticity may be determined once the velocity of 
propagation has been measured.

To ensure good contact (no slipping) 
between the transducers and the skin, a con-
stant pressure is applied; the pressure that the 
probe exerts on the skin is regulated by a spring 
mechanism: a given amount of pressure is nec-
essary for the measurement sequence to start. 
The probe is held perpendicular to the skin 
surface by a hollow cylindrical holder that is 
attached to the surface of the skin with dou-
ble-sided adhesive tape. The holder is marked 
along its periphery at angular intervals of 45° 
by the manufacturer. In all the work presented 
in this chapter, we used a modified probe holder 
assembly by placing a millimeter scale on the 
probe and another on the holder. We carried 
out measurements by rotating the probe within 
the holder so that the lines of the two scales 
would align with each other. This corresponds 
to making measurements every 3° for a total 
interval of 100–180°. Custom acquisition soft-
ware was developed in LabVIEW 6.0 (National 
Instruments Corporation, Austin, TX).

To demonstrate the need of acquiring data at 
increased angular resolution, we recorded the 
Reviscometer readings from the same skin site 
(upper inner arm) of a volunteer of 47 years at 
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intervals of 45° and of 3° (Fig. 21.1). It is evident 
that the features with width less than 45° may be 
missed. Following the Nyquist sampling crite-
rion, using 3° intervals we could accurately 
record features of at least 6° angular dispersion 
width. Typically for older individuals having nar-
rower maxima, the angular dispersion width can 
be in the order of 10°. Taking measurements with 
high angular resolution increases the chances of 
recording the skin’s radial anisotropy accurately. 
Increased angular resolution of viscoelasticity 
readings provides information that would be oth-
erwise lost.

The dependence of the measured RRT values 
obtained from human skin on the angle of mea-
surement may be described by a Gaussian curve, 
Fig. 21.2. Two parameters may be determined 
from the Gaussian fit function: the full width at 

half maximum (FWHM) and the amplitude of the 
curve which corresponds to the angular anisot-
ropy of the RRT. The anisotropy is defined as the 
ratio between the maximum and minimum RRT 
of the measurements on a given skin site:

 
A =

RRT

RRT
max

min  
(21.2)

The definitions for minimum and maximum 
RRT values (RRTmin and RRTmax correspond-
ingly) as well as the full width at half maximum 
(FWHM) of the fitted curve are demonstrated in 
Fig. 21.2; these correspond to two new mechani-
cal parameters that may be determined in the skin 
based on measurements with the Reviscometer®, 
and they are anisotropy and angular dispersion 
width (FWHM).
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The Reviscometer® does not work equally 
well on all skin sites. Skin sites with high density 
of vellus hairs present difficulties in the interface 
between the transducers and the skin. Equally 
difficult has been to obtain good data from skin 
sites where the skin is tight such as the calves and 
the forehead. The instrument gives very reliable 
and high-quality data from sites where the skin is 
particularly “soft” to the touch such as the upper 
inner arm, the neck, the abdomen, breast, thighs, 
and in particular the inner aspect and the sides 
of the torso. It is interesting to note that the sites 
where good measurements may be made with the 
Reviscometer® are also skin sites where “stretch” 
marks are likely to appear.

21.3  Instrument Calibration

Typical RRT reading from anatomical sites like 
the dorsal and ventral forearm ranges from 100 to 
450 × 10−3 ms. The manufacturer supplies with 
the instrument an elastomer standard with a 
RRT = 230 ± 30 × 10−3 ms. The RRT value for the 
standard is suitable for a great majority of the val-
ues obtained in different parts of the body.

When different Reviscometer® probes were 
used to measure skin viscoelasticity of the same 

skin site, we observed the readings to vary 
between probes, possibly due to differences in the 
distance between the transducers and differences 
in their sensitivities. Therefore, the probes were 
calibrated against a wider range of viscoelastic 
standards. To this end we used the standard ther-
moplastic elastomers Durometer [27] test block 
kits for Shore scale A (Rex Gauge Company Inc., 
Buffalo Grove, IL) and Shore scale 00 (Corporate 
Consulting Services Instruments Inc., Akron, 
Ohio). These materials were chosen because of 
their wide response range of RRT readings (200–
1,100 × 10−3 ms). Measurements were repeated 
ten times in each sample, and the data were aver-
aged. The elastomers were isotropic in terms of 
RRT values. All measurements were taken at 
ambient conditions at a temperature of 18 °C and 
a relative humidity of 40–50 %. Table 21.1 shows 
the Shore type, the International Rubber Hardness 
Degree (IRHD) [28], and the density (g/cm3) of 
the standard test blocks used in this study. Shore 
hardness is a measure of the resistance of material 
to indentation by a spring-loaded indenter. The 
hardness testing of plastic material is most com-
monly measured by the Shore (Durometer) test 
or Rockwell hardness test, the higher the number, 
the greater is the resistance to indentation. Using 
Eq. 21.1 we estimated the speed of sound in each 
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elastomer as shown in Table 21.1. Figure 21.3 
shows the RRT values versus the speed of sound 
(m/s) on the standards for two different probes. 
It can be observed from Fig. 21.3 that the probes 
have similar responses for elastomers with low 
RRTs but differ at high RRTs.

The standard elastomer blocks can be used to 
correlate the readings from one probe to the other 
by plotting elastomer measurements as illustrated 
in Fig. 21.4. Testing probes can be described by a 
linear fit (r2 = 0.92). As an example, Fig. 21.5 
illustrates RRT readings, as a function of the 
angle, taken on the upper inner arm of a 41-year- 
old subject with two different probes. Taking the 

readings from the probe with lower sensitivity, 
Probe 02120709, and applying the linear correc-
tion (Y = 220.1 + 1.94 * xscale(X)), we can see by 
the Fig. 21.5 that the readings are much closer to 
the probe with higher dynamic range.

21.4  Viscoelastic Properties  
of the Skin at Different Ages

It is well known that the human skin changes 
with age particularly in becoming more “loose” 
and less “elastic.” This has been shown on the 
back of the hand as a “pinch” test where we 
observe the speed with which the skin returns 
to its original state after being pinched and in 
lateral compression between two fingers of the 
skin – in young subjects the skin surface pro-
duces a single “bulge” where in old subjects the 
skin produces a multitude of wrinkle patterns. 
It has been concluded that the elastic properties 
of the skin must change for such pronounced 
changes to be observed, yet the changes docu-
mented in measurements with instruments that 
study the deformation of the surface of the skin 
when exposed to a negative pressure have been 
shown to be of the order of 33 % over 50-year 

Table 21.1 Physical parameters of the Durometer test 
blocks used for calibration

Shore 
type IRDH

Young’s 
modulus 
(MPa)

Density 
(g/cm3)

Speed  
of sound 
(m/s)

00 31 0.133 0.91 384
00 46.9 0.303 0.92 574
00 54.5 0.412 0.93 669
00 63.1 0.414 0.95 660
00 77.3 0.916 0.98 965
A 29 1.024 1.06 983
A 42.8 1.801 1.22 1,215
A 50.2 2.367 1.31 1,345
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Fig. 21.3 The Reviscometer® 
data for two probes as 
supplied by the manufacturer. 
Figure illustrates the 
viscoelastic properties of 
different elastomers as  
a function of the speed  
of sound (m/s)
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age interval (from 10 to 60 years). This num-
ber does not provide adequate  documentation 
of the observed changes with age. As the 
Reviscometer® assesses the superficial layers of 
the skin, it was felt that monitoring age-related 
changes in the mechanical properties of the 
superficial skin would provide a more accurate 
representation of the observed changes with age.

The study protocols were approved by an inde-
pendent ethics committee, and subjects were in 
general good health and gave informed consent. 
RRT measurements were taken from 239 volun-
teers with skin types, from very light Caucasian 
(types I and II) to African Americans (type VI). 
The volunteers were divided into 5 age groups: 
0–2 years (1.8 ± 1.1,  mean ±  standard deviation), 
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14–20 years (17 ± 4.2), 24–40 years (32.5 ± 10.6), 
55–60 years (57.5 ± 3.5), and 65–75 years (70 ± 7). 
Measurements with a Reviscometer® were taken 
on the upper inner arm at 15 cm from the elbow 
from 0° to 100° in 3° increments, where the initial 
orientation of the probe was chosen as the direction 
that gave the lowest RRT reading. Reviscometer® 
readings were also taken on the dorsal and ventral 
forearm of 117 of the volunteers.

The mean value and standard deviation were 
calculated for each age group and the treated 
sites. JMP® statistical software (SAS Institute 
Corpora tion, Cary, NC) was used to perform 
analysis of variance using a standard least square 
analysis. Statistical significance was considered 
for p < 0.05.

In order to ensure the relation between visual 
appearance and mechanical properties in vivo, 
macro imaging was also performed on the upper 
inner arm and dorsal forearm of the 239  subjects. 
A video-microscope image system (HiScope®, 

Model KH-2400, Hirox Inc, Tokyo, Japan) was 
used to acquire close-up images (2.8 × 2.1 mm 
image size) of tested area using a 100× magnifi-
cation lens (Model MX-100Z, Hirox Inc, Tokyo, 
Japan). This image system allows examination of 
the skin surface texture or of subsurface features 
depending on the illumination at a grazing angle. 
In this study grazing angle illumination was used 
to enhance the contrast of the skin texture.

Typical RRT profiles recorded from the upper 
inner arm for three different age groups are shown 
in Fig. 21.6. We observed that while the RRTmin 
values remained fairly constant for the age 
groups tested, the RRTmax values increased with 
age. Thus the anisotropy ratio given by Eq. 21.2 
also increased with age (Fig. 21.7). Furthermore, 
the width of the RRT profiles becomes narrower, 
i.e., the angular dispersion width decreases, with 
age (Fig. 21.7). These changes are statistically 
significant (p < 0.01) between the age groups. 
Since RRT anisotropy increases while angular 
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 dispersion width decreases with age, we can 
define the ratio of these two as a single viscoelas-
tic parameter that documents the age-dependent 
changes in the skin and that provides a wider 
dynamic range than either (Fig. 21.8). The rela-
tionship of this parameter to age is best repre-
sented by an exponential, and the data may be 
fitted with the equation:

  

(21.3)

Where AR is Anisotropy Rate, A is Anisotropy, 
and ASW Angular Dispersion Width.

The anisotropy ratio values for each of the 
older age groups are statistically different com-
pared those for the youngest group.

The mechanical and physical properties of 
the skin have been extensively studied [2, 11, 
12]. These investigations describe the skin as 

being a viscoelastic medium and interpret skin 
with homogeneous density and isotropic  elastic 
moduli. The mechanical properties of the skin 
stem from contributions of its structural compo-
nents such as collagen, elastin, keratin, and the 
purely viscous interstitial fluids [13]. According 
to Eq. 21.1 the speed of shear wave propagation 
depends on the density of the medium in the 
direction of the sound propagation. Results pre-
sented in this chapter show that the shear wave 
propagation on the surface of the skin is anisotro-
pic, and thus the tissue density that relates to the 
skin mechanical properties is also anisotropic.

The skin at the upper inner arm sites undergoes 
considerable changes with age in its structure and 
therefore its mechanical properties. It is evident 
in Fig. 21.6 that the RRT readings of young skin 
are more isotropic when compared with the other 
two age groups. For the 24–40-years group, there 
is a distinct increase in the anisotropy and for the 
older group a very  well-defined RRT maximum.
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This may also be observed in the skin 
 microrelief imaged by the video micro imager. 
Skin microrelief evolves patterns on the ventral 
forearm that are characteristic for different age 
groups. The in vivo microscopy images of 
Fig. 21.9 are representative for the age groups: 
0–4, 14–24, 24–40, and 65–75 years. It is evident 
that the triangular and hexagonal patterns of the 
younger ages are replaced progressively with lin-
ear directional patterns presumably reflecting 
flattening of dermal papillae and stronger colla-
gen fiber alignment in the papillary dermis. The 
change of these patterns is accompanied by 
decrease in viscoelastic anisotropy and increase 
in angular dispersion width that indicates a strong 
directional dependence. The anisotropy values 
for the four subjects imaged are 2.1 (16 month, 
Fig. 21.9a), 2.4 (14 years, Fig. 21.9b), 4.2 (39 

years, Fig. 21.9c), and 15.6 (70 years, Fig. 21.9d), 
and the angular dispersion width values are cor-
respondingly 108°, 84°, 40°, and 35°. The visco-
elastic °anisotropy relates to cutaneous structural 
feature changes as a function of age.

We can get a better idea of the co-localization 
of the directionality of skin microrelief and the 
angular distribution of the RRT values in 
Fig. 21.10. A video-microscope image of the 
upper inner arm of a 47-year-old subject was 
imaged using 100× magnification. The transmit-
ter and receiver tips of the Reviscometer trans-
ducers are drawn, to scale, and the RRT readings 
from the same site are overplotted in polar coor-
dinates. Very importantly the maximum of the 
RRT values co-localizes with the skin surface 
microrelief (Fig. 21.10). Skin microrelief on the 
upper inner arm develops with age (Fig. 21.9) in 
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a fashion that parallels the development of RRT 
anisotropy. Tensions are progressively developed 
with age in preferential orientations producing 
changes in the distribution and shape of the der-
matoglyphics. In young skin the relief lines look 
more plump and rounded on the top and form 
starlike patterns. As the individuals get older, the 
glyphic structures become flatter and anisotropic, 
i.e., not symmetric in all directions, but elongated 
in the direction of permanent tension.

A video-microscope image (Hirox, Japan 
100× lens) from the upper inner arm of a 70-year-
old subject is illustrated in Fig. 21.11. This figure 
shows in scale the relation between the orientation 
of the probe (transducer tips) and the skin micro-
relief lines. When the transducer tips are oriented 
perpendicular to the relief lines as illustrated in 
Fig. 21.11a, the RRT value is at minimum, typi-
cally around 250 × 10−3 ms,  corresponding to 

a b

c d

Fig. 21.9 Illustrates the cutaneous structural feature and 
viscoelastic changes at different ages. In vivo microscopy 
images from the upper inner arm representative for the age 
groups: (a) 0–4 years (anisotropy = 2.1; FWHM = 108°), 

(b) 14–24 years (anisotropy = 2.4; FWHM = 84°), (c) 
24–40 years (anisotropy = 4.2; FWHM = 40°), and (d) 
65–75 years (anisotropy = 15.6; FWHM = 35°)

Fig. 21.10 The viscoelastic anisotropy of the skin fol-
lows the direction of microrelief lines with the line con-
necting the RRT maxima in a direction perpendicular to 
the microrelief (Langer’s line). As an example a video- 
microscope image (100×) of the skin is shown with a plot 
of the RRT values superimposed plotted as a function of 
the angle, i.e., in polar coordinates
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1,800 m/s for the speed of the sound (based on 
the probe calibration). The tension of the skin 
is at maximum, and the shear waves propa-
gate faster along this direction (along the relief 
lines). Conversely, a maximum of the RRT value 
is recorded when the transducer tips are placed 
parallel to the relief lines (Fig. 21.11b). An RRT 
value of 1,100 × 10−3 ms corresponds to a speed 
of sound of 390 m/s, a value close to that of the 
speed of sound in the air (340 m/s). This is the 
direction of the lowest skin tension.

21.5  The Viscoelastic Properties 
of Different Anatomical Sites

Measurements of the anisotropy ratio at differ-
ent body sites (neck, upper inner arm, ventral 
forearm, and dorsal forearm) showed that the age 
dependence is not the same over the whole body 
(Fig. 21.12). The rate of change of viscoelastic 
properties depends on the anatomical site. The 
anisotropy increases with age and most notably 
at anatomical sites where the skin is considered 
to be “tender” or “soft,” such as the upper inner 
arm and the neck. Interestingly, the most dra-
matic changes happen on body sites where skin 
is considered to be “looser” or “softer” like the 
neck and the upper inner arm. The viscoelastic 
properties of the skin at the ventral and dorsal 
side of the forearm are not statistically different 

and do not show any significant change within 
the age range tested here.

21.6  Modulation of Viscoelastic 
Properties of the Skin by 
Changes in Keratinocyte 
Morphology

From the experiments conducted and from the 
layered structure of the skin, we would expect the 
propagation of shear waves along the superficial 
layers of the skin to take place within the epider-
mis and probably a little in the papillary dermis. 
To test this hypothesis, we used an agent that is 
known to affect keratinocyte morphology and in 
particular the size of keratinocytes in a confluent 
assembly [20] as in the viable epidermis. The agent 
chosen was DMAE (2-(dimethylamino)ethanol) 
which has been shown to produce a “shrinking” 
in viable keratinocytes in vitro. Assuming that a 
similar effect takes place in vivo, it would result in 
an increase in density and a corresponding change 
in the RRT of the shear wave. In the experiments 
that follow, we show the effect of application of 
various concentrations of DMAE on the viscoelas-
tic properties of the skin and on the morphology of 
epidermal keratinocytes in vivo.

Viscoelastic measurements, confocal laser 
scanning microscopy (CLSM) reflectance images, 
and skin surface roughness measurements were 

a b

Fig. 21.11 An example of video-microscope image 
(HiScope, Hirox with 100× lens) of the upper inner arm 
from a 70-year-old subject. The figure shows in scale the 
Reviscometer® transducer tips in relation to skin dermato-

glyphics. (a) The signal propagating in the direction of 
Langer’s lines. (b) The signal propagating perpendicular 
to the direction of Langer’s lines

E. Ruvolo Jr. and N. Kollias



245

taken in subjects treated with a gel formulation 
containing different concentrations of 2-(dimeth-
ylamino)ethanol (DMAE) (BASF, Florham Park, 
NJ). Gel-based formulations were prepared with 
0, 0.5, 1, 2, and 3 % of DMAE. The protocol for 
these studies was approved by an ethics commit-
tee, and the subjects were in general good health 
and gave signed informed consent.

21.7  Viscoelastic Measurement  
of Treated Sites with DMAE: 
Dose Response

The Reviscometer® readings from the upper 
inner arm were evaluated before and after appli-
cation of gel formulations containing different 
concentrations of DMAE. Figure 21.13a shows 

results obtained from a 45-year-old subject; RRT 
measurements were made immediately before 
(for untreated skin) and 35 min after the prod-
uct application as a function of the probe angle 
(degree). Measurements were made from dif-
ferent skin sites each treated with a different 
concentration of DMAE-containing gel; the con-
centrations used were 0 % (placebo), 2 %, and 
3 %. The effect of treatment with time is shown 
in Fig. 21.13b. This figure demonstrates the effect 
of the application of 3 % DMAE on the RRT 
measurements with time following application.

Relationship between the skin viscoelastic 
anisotropy and the concentration of DMAE was 
evaluated. Viscoelastic measurements were per-
formed in 8 volunteers with skin types I–IV 
according to the Fitzpatrick classification, 
between the ages of 45 and 60 years old. Readings 
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Fig. 21.12 The anisotropy ratio increases with age show-
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The anisotropy ratio is shown as a function of age for a 
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were taken on the upper inner arm, 15 cm from 
the elbow with the modified RRT probe [29] 
where measurements were performed every 3° 
for a total interval of 100° obtaining the angular 
profile of the resonance running time (RRT) in 
the skin. The efficacy of the applied product was 
evaluated by calculating the ratio of the anisot-
ropy using Eq. 21.2 before and after product 
application. The values for the anisotropy ratio 
and standard deviation are illustrated in Fig. 21.14

The assessment of the viscoelastic properties 
of the skin using the Reviscometer RVM 600® 
demonstrated a significant decrease in RRT val-
ues (Fig. 21.13a) for different concentration of 
DMAE. Uhoda et al. [31] have also studied the 
cutaneous tensile effects of DMAE in skin using 
the Reviscometer. Lower RRT values imply that 
the speed of sound, generated by the probe trans-
mitter, propagates faster in the skin due to changes 
in local density of the skin and promoting small 
changes in the dermatoglyphic shape resulting in 
an increase of skin firmness. What is interesting 
to notice from the Fig. 21.13a is the fact that even 

a placebo gel product can significantly decrease 
the  viscoelasticity of the skin surface (almost 
 three-fold), a similar effect is observed after appli-
cation of moisturizers. The stratum corneum (SC) 
is plasticized with the application of the moistur-
izers, the water content increases in the upper lay-
ers of the skin, and the speed of sound propagates 
faster when more water is added to the SC. A lin-
ear increase in skin firmness was observed with the 
increase of active concentration applied on skin, 
Fig. 21.14. A 20-fold decrease in skin anisotropy 
was observed with the use of the described active 
showing a large dynamic range for this instrument.

21.8  Morphological Changes 
in Keratinocytes Treated  
with DMAE Gel

Measurements of the changes in keratinocyte 
morphology were conducted using a VivaScope® 
1000 Confocal Reflectance Microscope (Lucid, 
Rochester, NY) with a water immersion objective 
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upper inner arm for different concentrations of DMAE 
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180 min after product application. Error bars represent the 
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of NA 1.2–0.7 (60×). Sites on the upper inner arm 
were imaged immediately after sample application, 
3 % DMAE gel or placebo at 2 μl/cm2, every min-
ute for 25 min in 8 subjects as described previously.

The confocal microscope was programmed to 
acquire 40 frames starting from the top of the 
stratum corneum and measuring into the epider-
mis, at incremental steps of 3 μm, allowing 
observation of changes in cell size/morphology 
within a region of 40 μm depth. As described by 
Rajadhyaksha [30], the size of cells varies (in 
diameter) with skin depth from 25 to 30 μm in the 
granular cell layer to 15–25 μm in the spinous 

cell layer. In this study cells were measured in the 
depth range of 20–27 μm below the top of the 
stratum corneum, primarily granular cells or 
upper spinous cells. The exact same cells were 
compared, at the same depth, immediately and 
25 min after product application. Stacks were 
carefully selected to avoid any cell size differ-
ences due to the depth effect. The granular layer 
cells were found to undergo detectable changes; 
it was difficult to detect any changes in the cells 
of the deeper layers of the epidermis.

Figure 21.15 shows the confocal images 
of sections in the epidermis at the seventh step 
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Fig. 21.15 Confocal images from the upper inner arm at 21 μm from the top of the stratum corneum. Skin was imaged 
initially and after 20 min of 3 % DMAE gel application
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(21 μm from the stratum corneum). The white 
circle shows the same granular cell boundaries 
immediately after product application image (ini-
tial) and after 20 min.

Images were selected at approximately 
20–27 μm from the surface of the skin (top of the 
stratum corneum), and cell sizes were measured 
using a linear histogram stretching routine writ-
ten in IDL® (ITT Visual Information Solutions, 
Boulder, CO), and cell area was quantified 
using Image J 1.38 software (NIH, USA). The 
same image process analysis was applied to all 
acquired images.

The percentage change in cell size for sites 
treated with placebo and gel containing 3 % DMAE 
is shown in Fig. 21.16. Note that the error bar (stan-
dard deviation) is large due to variation in response 
among volunteers. The placebo-treated areas show 
very small changes in granular cell sizes.

The use of in vivo reflectance confocal 
microscopy was used to quantify keratinocyte 
cell shrinkage in the granular layer (Fig. 21.15). 
As the granular cells contract, there is a reshap-
ing and rearrangement of dermatoglyphics that 
changes the appearance and viscoelastic proper-
ties of the skin. In average we observed a 15.5 % 
decrease in granular cell area, and no changes 
were observed in the placebo sample (Fig. 21.16). 
It is intriguing that despite a 15–17 % change in 
the cell sizes in the viable epidermis, the stratum 
corneum does not show an increase in roughness.

21.9  Discussion

The mechanical properties of the skin are an 
important factor in the determination of the 
“quality” of the skin. They are as important as 
the visual appearance of the skin. Changes in 
the visual appearance include pigmented 
lesions and minor inflammatory lesions that 
render the skin nonuniform. Changes in the 
mechanical properties involve large-area skin 
sites and are believed to be expressions of 
aging. One of the dominant characteristics of 
skin aging is loss of elasticity. Although the 
changes in the mechanical properties of the 
skin over several decades of life are substantial, 
objective measurements have failed to capture 
their magnitude thus far. Moreover, the mechan-
ical properties of the skin are not isotropic (uni-
form in all directions), and there is a need to 
assess this angular anisotropy. During develop-
ment, from infancy to adolescence, the skin is 
expected to respond to tension isotropically to 
accommodate for growth, while in adulthood 
this isotropic behavior regresses due to site-
specific habituation to tension.

In this chapter, we presented a methodology 
of documenting the angular anisotropy of skin 
elasticity with high sensitivity and dynamic 
range using the Reviscometer® RVM 600 and its 
use to document changes in keratinocyte mor-
phology elicited by topical application of DMAE 
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with significant changes in the mechanical 
 properties of the skin.

The method is based on determining the direc-
tional dependence of the speed of an acoustic 
shear wave on the skin surface at intervals of 3°. 
The angular distribution of the resonance running 
time can be described by the anisotropy and the 
width of the angular dispersion. We found that 
with increasing age, the anisotropy increases 
while the angular dispersion width decreases. 
A new mechanical parameter can be defined using 
the ratio of the resonance running time anisot-
ropy by the angular dispersion. This new param-
eter provides a wide dynamic range that reflects 
more accurately the age-dependent changes of 
skin mechanical properties than the methods pro-
posed so far. Using this modified Reviscometer® 
method, we characterized the directional char-
acteristics of cutaneous viscoelastic properties, 
and we provided evidence that the directionality 
relates to the direction of the microrelief lines on 
the skin surface. These lines develop as skin ages 
and correspond to the tension lines described by 
the Langer’s lines [4].

Changes in viable epidermis keratinocyte 
morphology and stratum corneum moisturization 
may be assessed and documented by these param-
eters. The ratio of these values provides a sensi-
tive parameter for the assessment of the 
directional behavior of the skin mechanical prop-
erties. This parameter provides a large effective 
dynamic range capable of demonstrating close to 
an order of magnitude difference in skin visco-
elasticity from infants up to 75 years of age and 
documenting efficacy of topical treatments.

The skin is inhomogeneous, and all probes 
produce measures of averages over the area 
sampled by the probe. Local inhomogeneities 
which may be thought of as early events in the 
development of any skin lesion would be missed 
because their effect would be minimized because 
of averaging.

The Reviscometer® may be capable of pro-
viding more information than the suction probe 
instruments because it actually provides two mea-
sures, one depending on the tension and density 
of the skin and the other depending on the angu-
lar anisotropy. In order to be able to  capitalize on 

an instrument such as the Reviscometer®, we are 
forced to work on skin sites that show marked 
changes in anisotropy with age. This may be 
considered a shortcoming of this instrument 
although we have not found this to be a limitation 
in testing materials that affects the mechanical 
properties of the skin. It is unfortunate that the 
instrument has limited use on traditionally tested 
skin sites such as the ventral and dorsal forearm.

One parameter that has not been considered is 
the effect of the coupling of the superficial skin 
layers to the underlying layers. The appearance 
of fine lines on the skin surface upon lateral com-
pression is also indicative of the coupling between 
these layers. A strong coupling would cause a loss 
of signal strength with distance and would render 
an instrument such as the Reviscometer® of lim-
ited use. On the other hand, the sites of maximum 
sensitivity are also skin sites that undergo maxi-
mal extension due to body motions, i.e., where 
the elasticity of the skin is most necessary and 
changes with age may result in redundancies. We 
have provided experimental data that show the 
Reviscometer® to be a very useful and sensitive 
instrument in the assessment of the mechanical 
properties of the skin and in particular of skin on 
sites where the skin undergoes large changes in 
size and shape because of motion.

References

 1. Elias PM (2005) Stratum corneum defensive functions: 
an integrated view. J Invest Dermatol 125:183–200

 2. Lanir Y (1986) Skin mechanics. In: Skalak R, Chien S 
(eds) Handbook of bioengineering. McGraw-Hill, 
New York, pp 11.11–11.24

 3. Nizet JL, Pierard-Franchimont C, Pierard GE (2001) 
Influence of body posture and gravitational forces on 
shear wave propagation in the skin. Dermatology 
202:177–180

 4. Langer K (1861) Zur anatomie und Physiologie der 
Haut: I. Uber die Splatbarkeit der Cutis. Sitzungber 
Akad Wiss Wien 44:19–46

 5. Cox H (1942) The cleavage lines of the skin. Br J Surg 
29:234–240

 6. Gibson T, Stark H, Evans J (1969) Directional varia-
tion in extensibility of human skin in vivo. J Biomech 
2:201–204

 7. Takakuda K, Miyairi H (1996) Tensile behaviour of 
fibroblasts cultured in collagen gel. Biomaterials 
17:1393–1397

21 Assessment of Mechanical Properties of Skin by Shearwave Propagation and Acoustic Dispersion



250

 8. Jansen L, Rottier PB (1957) Elasticity of human skin 
related to age. Dermatologica 115:106–111

 9. Lavker RM, Zheng PS, Dong G (1987) Aged skin: a 
study by light, transmission electron, and scanning 
electron microscopy. J Invest Dermatol 88:44s–51s

 10. Elsner P (1995) Skin elasticity. In: Bardesca E, Elsner 
P, Wilhelm K, Maibach H (eds) Bioengineering of the 
skin: methods and instrumentation. CRC Press, Boca 
Raton

 11. Rodrigues L (2001) EEMCO guidance to the in vivo 
assessment of tensile functional properties of the skin. 
Part 2: instrumentation and test modes. Skin Pharmacol 
Appl Skin Physiol 14:52–67

 12. Serup J, Jemec G, Grove G (2006) Handbook of 
non-invasive methods and the skin. CRC Press, Boca 
Raton

 13. Dahlgren R, Elsnau W (1986) Measurement of skin 
condition by sonic velocity. J Soc Cosmet Chem 35:1–9

 14. Davis BR, Bahniuk E, Young JK, Barnard CM, 
Mansour JM (1989) Age-dependent changes in the 
shear wave propagation through human skin. Exp 
Gerontol 24:201–210

 15. Hermanns-Le T, Jonlet F, Scheen A, Pierard GE (2001) 
Age- and body mass index-related changes in cutane-
ous shear wave velocity. Exp Gerontol 36:363–372

 16. Pereira JM, Mansour JM, Davis BR (1990) Analysis 
of shear wave propagation in skin; application to an 
experimental procedure. J Biomech 23:745–751

 17. Vexler A, Polyansky I, Gorodetsky R (1999) 
Evaluation of skin viscoelasticity and anisotropy by 
measurement of speed of shear wave propagation 
with viscoelasticity skin analyzer. J Invest Dermatol 
113:732–739

 18. Varani J, Nickoloff BJ, Dixit VM, Mitra RS, Voorhees 
JJ (1989) All-trans retinoic acid stimulates growth of 
adult human keratinocytes cultured in growth factor-
deficient medium, inhibits production of thrombos-
pondin and fibronectin, and reduces adhesion. J Invest 
Dermatol 93:449–454

 19. Berardesca E, Gabba P, Farinelle N, Borroni G, Rabbiosi 
G (1990) In vivo tretinoin-induced changes in skin 
mechanical properties. Br J Dermatol 122(4):525–529

 20. Grando SA, Horton RM, Pereira EF, Diethelm-Okita 
BM, George PM, Albuquerque EX (1995) A nicotinic 
acetylcholine receptor regulating cell adhesion and 
motility is expressed in human Keratinocytes. J Invest 
Dermatol 105:774–781

 21. Ruvolo E, Southall M, Bordoloi B, Lukenbach E, 
Lukenbach G (2009) Compositions for the treatment of 
signs of aging. US issued patent US20090292027 A1

 22. Tronnier H (1980) Dermatologisch-phamakologische 
Methoden zur Prüfung kosmeticher Präparate und 
Grundstoffe. Ärzliche Kosmotogie 10:361–367

 23. Kinsler LE, Frey AR, Coppens AB, Sanders JV 
(1999) Fundamentals of acoustics, 4th edn. John 
Wiley-Sons, Inc., New York

 24. Potts RO, Chrisman DA, Burns EM (1983) The 
dynamic mechanical properties of human skin in vivo. 
J Biomech 16:365–372

 25. Dorogi PL, DeWitt GM, Stone BR, Buras EM Jr 
(1986) Viscoelastometry of skin in vivo using shear 
wave propagation. Bioeng Skin 2:59–70

 26. Mridha M, Odman S, Oberg PA (1992) Mechanical 
pulse wave propagation in gel, normal and oedema-
tous tissues. J Biomech 25:1213–1218

 27. Biscoe B, Sebastian K (1993) Analysis of the 
“durometer” indentation. Rubber Chem Technol 66: 
827–836

 28. ASTM (2003) D2240-03 Standard test method for 
rubber property—durometer hardness. ASTM 
International, West Conshohocken

 29. Ruvolo EC Jr, Stamatas GN, Kollias N (2007) Skin 
viscoelasticity displays site- and age-dependent 
angular anisotropy. Skin Pharmacol Physiol 20: 
313–321

 30. Rajadhyaksha M, González S, Zavislan JM, Anderson 
R, Webb RH (1999) In vivo confocal scanning laser 
microscopy of human skin II: advances in instrumen-
tation and comparison with histology. J Invest 
Dermatol 113:293–303

 31. Uhoda I, Faska N, Robert C, Cauwenbergh G, Pierard 
GE (2002) Split face study on the cutaneous tensile 
effect of 2-dimethylaminoethanol (deanol) gel. Skin 
Research and Technology 8:164–167

E. Ruvolo Jr. and N. Kollias



   Part III 

   Superfi cial Skin Analysis        



253E. Berardesca et al. (eds.), Non Invasive Diagnostic Techniques in Clinical Dermatology, 
DOI 10.1007/978-3-642-32109-2_22, © Springer Berlin Heidelberg 2014

22.1            Introduction 

 The stratum corneum (SC) is a dead structure. 
However, it exerts a unique barrier function 
partly protecting the living tissues from a series 
of environmental threats including ultraviolet 
light, microorganisms and irritant/toxic xenobi-
otics. In addition, the SC controls any excessive 
loss in water, electrolytes and macromolecules 
from the skin. In addition, the SC acts as a 
unique sophisticated biosensor that signals the 
underlying epidermis to respond to various 
external stimuli. Despite minimal metabolic 
activity, the SC corresponds to a highly special-
ised structure resulting from the continuous cor-
neocyte renewal ideally keeping a steady state in 
the SC structure and thickness. However, cor-
neocytes are structurally and biochemically 
heterogeneous. 

 Over a vast part of the body, the SC is typi-
cally composed of 12–16 layers of fl attened cor-
neocytes. These cells are about 1 μm thick and 
have a mean area reaching approximately 
1,000 μm 2 . Of note, the corneocyte surface area is 
infl uenced by age, anatomical location and any 

conditions including chemical irritation and UV 
insults altering the epidermal renewal. In particu-
lar, the average corneocyte size apparently 
increases with age. This feature is assumed to be 
related to a prolonged transit time of corneocytes 
through the SC. 

 Normal SC binds water and keeps its surface 
soft and smooth. Some of its molecular compo-
nents bind water and/or prevent water evaporating 
from the skin surface. These compounds include 
the so-called natural moisturising factor (NMF), 
consisting of a mixture of water-soluble small 
molecules such as amino acids, lactate and urea, 
the intercellular lipids, sebum and specifi c pro-
tein components of corneocytes. Abnormalities 
in these components produce a harsh and hard 
SC that leads to the development of fi ne cracking 
and fi ssuring. 

 In some instances, the SC homeostasis is 
altered. Indeed, the SC is the repository of many 
biologic events that previously infl uenced the 
underlying metabolically active keratinocytes. 
The SC structure is further altered by diverse and 
repeat external insults. The genetic background, 
the nutritional status, some physical agents, as 
well as drugs, cosmetics, toiletries and other 
chemical xenobiotics represent additional modu-
lators of the SC structure. Knowledge about the 
fi ne SC structure is crucial in many respects in 
the fi eld of dermocosmetic science, particu-
larly when dealing with age-related xerosis and 
effects of surfactants, emollients and squamolytic 
agents.  
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22.2     Cyanoacrylate Skin Surface 
and Follicular Stripping 

 Cyanoacrylate skin surface stripping (CSSS) is a 
time-honoured method [ 1 ]. The method came 
into existence when high bond glues became 
available. After its initial description, it was soon 
applied for diagnostic purposes [ 2 ]. Sampling on 
polyethylene strips was a decisive improvement 
in its subsequent development [ 3 ]. Indeed, such 
plastic sheet is preferable to glass slide for two 
main reasons. It is indeed easier to get a close 
modelling of curved body areas. In addition, the 
adhesion of the SC is such that corneocytes are 
not lost during the laboratory procedures. 

 The CSSS method consists of depositing a 
drop of cyanoacrylate liquid adhesive onto a sup-
ple transparent sheet of terephthalate polyethyl-
ene, 175 μm thick, cut to the size of a conventional 
coverslip (1.5 × 6 cm). The sampling material is 
presently commercially available as a kit 
(S-Biokit, C + K electronic, Cologne, Germany). 
The material is pressed fi rmly onto the target site 
of the skin. After 15–30 s, a sheet of SC is easily 
harvested. Because the adhesion relies on a 
chemical reaction, the depth of harvested SC is 
determined by the depth of penetration of the 
adhesive before polymerisation. The cleavage 
level is exclusively located inside the SC [ 4 ,  5 ]. 

 CSSS can be performed on any part of the 
body, with two main provisos. On the one hand, 
sampling from a hairy area is painful because of 
pulling out hairs, and the CSSS quality is inade-
quate owing to the erratic contact with the SC. It 
is therefore advisable to shave these areas before 
any CSSS harvesting. On the other hand, the nat-
ural intercorneocyte cohesion on the palms and 
soles is usually stronger than the cyanoacrylate 
bond, thus impairing the collection of a uniform 
sheet of corneocytes. However, a CSSS sampling 
on these sites is possible in certain physiopatho-
logic conditions in which the SC texture is com-
promised. Of note, oozing and eroded lesions 
cannot be assessed by CSSS. 

 When vellus hairs are present on the examined 
site, they are captured with the CSSS. In addi-
tion, CSSS collects follicular casts corresponding 
to the horny material present at the opening of the 

pilosebaceous follicles at the skin surface. This 
sampling method has been specifi cally called 
 follicular biopsy [ 6 ]. It is therefore possible to 
assess the density of the follicles per unit of 
 surface area and to observe the presence of fol-
licular hyperkeratosis (ketosis), as well as come-
dones,  Trichostasis spinulosa , intrafollicular 
bacteria and mites [ 4 – 16 ]. The so-called skin 
pores corresponding to follicular or sudoral open-
ings at the skin surface are possibly explored 
using CSSS [ 17 ].  

22.3     Global Aspect of Normal 
Skin on CSSS 

 CSSS of normal skin reveals a regular network 
of high-peaked crests corresponding to the skin 
surface microdepressions composed of the pri-
mary, secondary and tertiary order lines [ 1 – 5 , 
 18 ]. Their patterns are typical for specifi c parts 
of the body. The primary lines of the skin sur-
face correspond to grooves in the latticework 
papillary relief at the dermoepidermal junction 
[ 19 – 21 ]. In young individuals, intersections of 
primary and secondary lines delimit regularly 
shaped polyhedral plateaus. On stretching of the 
skin surface a realignment of these lines occurs. 
With aging, this network progressively loses its 
confi guration, aligning itself preferentially along 
the skin tension lines and ending by disappear-
ing in the shallow wrinkles [ 4 ]. It is therefore 
possible to indirectly assess the texture of the 
superfi cial dermis on CSSS. As a result, dermal 
aging, corticosteroid- induced atrophy, sclerosis, 
striae distensae, scars and many other changes in 
the connective tissue are conveniently observed 
noninvasively using CSSS. Such morphologic 
assessment of the skin microrelief is possibly 
quantifi ed by computerised image analysis using 
any profi lometry method [ 4 ,  5 ]. 

 Cytologic characteristics of corneocytes are 
hardly visible on CSSS unless histologic dyes are 
used [ 4 ,  5 ,  22 ]. A number of stains are suitable. 
The most useful and simplest one is a mixture of 
toluidine blue and basic fuchsin in 30 % ethanol 
[ 4 ]. Each corneocyte contains a water-insoluble 
protein complex made predominantly of a highly 
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organised keratin microfi brillar matrix. Such a 
structure is encapsulated in a protein and lipid- 
enriched shell. The cornifi ed cell envelope shows 
differences in maturation among corneocytes. 
Basically, two distinct types of cornifi ed cell 
envelopes are distinguished, namely, the fragile 
immature envelopes and the rigid mature ones 
[ 23 ,  24 ]. The former cells are recognised on CSSS 
used in the corneosurfametry bioassay (Fig.  22.1 ).

   Normal skin exhibits a regular cohesive 
 pattern of adjacent anucleated corneocytes. Their 
boundaries are clearly stained by a thin  polyhedral 

rim. Parakeratotic cells are usually rare and they 
are not clustered on healthy skin (Fig.  22.2 ). 
They are recognised by the presence of a nucleus 
central to the polyhedral cell.

   Saprophytic microorganisms are normally 
confi ned to the skin surface and the appendages. 
Thus, they are encased in the cyanoacrylate bond 
during sampling and they are not accessible to 
the staining procedure. As a result, the surface 
microfl ora is not seen on CSSS. By contrast, 
microorganisms present in the follicular casts can 
be collected distinctly from the skin surface 

a bb

  Fig. 22.1    Corneosurfametry bioassay. ( a ) Normal control. The limits of some corneocytes are visible. ( b ) Harsh 
 surfactant. The fragile immature corneocytes are heavily stained in an irregular pattern       

  Fig. 22.2    Parakeratotic 
cells dispersed in the stratum 
corneum       
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microfl ora by scraping out the horny spiky struc-
tures appending to the CSSS. Viability of the 
intrafollicular bacteria is possibly assessed using 
fl ow cytometry [ 25 ,  26 ]. 

 Sensitive skin is a condition of reduced 
 cutaneous tolerance to environmental factors 
(cold, heat, wind, wool topical products, etc.). 
Clinical manifestations consist mainly of subjec-
tive symptoms and sensory irritation including dis-
comfort, itching, stinging and burning sensations. 
No specifi c signs are discernable on regular CSSS.  

22.4     Diagnostic CSSS 
in Infl ammatory Dermatoses 

 The SC exhibits both biologic effi ciency and aes-
thetic qualities, but it is rarely considered as a 
structure causing serious disablement when 
 diseased. However, some 50 % of the clinical 
workload of dermatologists deals with disorders 
causing scaling and/or thickening of the SC. 
Psoriasis, the ichthyotic disorders, the various 
eczematous diseases and the xerosis panel are 
such disturbances. These relatively common con-
ditions are characterised by abnormal epidermal 
maturation and scaling. Despite their frequency 
in most populations, and the problems they cause, 
there has been relatively little research on the 
clinical consequences of the abnormal cornifi ca-
tion. CSSS help exploring these disorders. 
Obviously, the diagnostic indications for CSSS 
are limited to disorders characterised by SC 
involvement. The most common conditions that 
can be diagnosed by CSSS are summarised in 
Table  22.1  [ 2 – 5 ,  27 – 33 ].

   Defi nite diagnoses are reached in superfi cial 
infectious and parasitic skin diseases [ 2 – 5 ,  27 , 
 29 ,  31 ]. Morphologic examination, possibly 
combined with fungal cultures, can be carried out 
to identify these types of diseases. By essence, 
infectious agents that are made visible on CSSS 
are not those adhering to the skin surface (see 
above), but rather those invading the SC. Fungi, 
including yeasts and dermatophytes, show their 
typical morphology, forming clusters or network 
of globular or fi lamentous structures. 

 In the group of parasitic disorders, scabies 
may pose a problem at the time of sampling 
[ 2 ,  5 ]. In fact, this diagnosis can be established 
only when the mite, its eggs or its dejecta are 
present in the sample. Duplicate or a series of 
CSSS samplings should therefore be taken from 
suspected scabies burrows. The fi rst one intends 
to remove the roof of the burrow. The following 
ones have a better chance to collect the parasite. 
Any samples taken outside such parasitic lesion, 
for example, from non-specifi c prurigo, will be 
unhelpful because the diagnosis will merely sug-
gest the presence of a spongiotic dermatitis [ 4 ,  5 , 
 31 ]. Demodex mites are conveniently recognised 
[ 4 ,  5 ,  15 ] and highlighted in the follicular casts 
by the Fite stain [ 4 ]. 

 Non-infectious erythemato-squamous disorders 
include spongiotic and  parakeratotic  dermatoses 
and xeroses [ 4 ,  5 ,  29 ,  31 ]. Spongiotic dermato-
ses represent superfi cial infl ammatory reactions 
responsible for spongiosis, microvesiculation and 

   Table 22.1    Indications for surface biopsy   

 1. Superfi cial infections 
  Molluscum contagiosum 
  Bacterial diseases (impetigo, erythrasma, etc.) 
  Dermatophytosis 
  Candidosis 
  Pityriasis versicolor 
 2. Superfi cial parasitoses 
  Scabies 
  Demodicidosis 
  Oxyuriasis 
 3.  Xeroses and erythemato-squamous, spongiotic 

and parakeratotic dermatitides 
  Xerosis, ketosis and ichthyosis 
  Eczema – contact dermatitis 
  Atopic dermatitis 
  Pityriasis rosea 
  Id reaction 
  Psoriasis 
  Seborrheic dermatitis 
 4. Tumours 
  Malignant melanoma 
  Melanocytic nevus 
  Dysplastic nevus 
  Seborrheic keratosis 
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serosity leakage inside the SC. Contact  dermatitis, 
atopic dermatitis and pityriasis rosea are exam-
ples that belong to this group of diseases [ 5 ]. 
Parakeratotic dermatoses encompass id reactions, 
chronic eczema and stable psoriasis. Seborrheic 
dermatitis comes within this category, particularly 
when  Malassezia  yeasts are rare. In active pso-
riasis, clusters of neutrophils are found on top of 
parakeratotic foci.  

22.5     Diagnostic CSSS 
in Cutaneous Neoplasms 

 Some epithelial neoplasms display characteristic 
aspects on CSSS [ 4 ,  5 ]. Seborrheic keratoses 
show spotty lenticular foci of soft hyperkeratosis. 
Widening of shallow furrows with hyperkerato-
sis is present. Samples of actinic keratosis often 
exhibit irregular thickness with interfollicular 
parakeratosis and xerosis. Actinic porokeratosis 
is revealed by the rim of cornoid lamellation and 
loss of the normal microrelief inside the lesion. 
Verrucous surfaces overlying melanocytic nevi 
and dermatofi bromas are less pathognomonic, 
but sharp circumscription by a normal-looking 
surrounding skin and uniformity of the changes 
in the texture of the SC are usually seen in a 
benign neoplasm. 

 In CSSS taken from pigmented neoplasms, 
melanin can be found inside corneocytes or in 
atypical melanocytes. Melanin located only 
inside corneocytes is a feature of benign neo-
plasms, such as lentigines and solar lentigines. 
Presence of atypical melanocytes in the SC is 
strongly suggestive of malignant melanoma, but 
also, in rare instances, of a benign melanoacan-
thoma [ 4 ,  5 ,  34 – 36 ]. Thus, CSSS proves to be 
sensitive and specifi c in the distinction between 
malignant melanoma and benign melanocytic 
tumours such as common melanocytic nevi, dys-
plastic nevi or pigmented seborrheic keratoses 
[ 27 ]. For research purposes, karyometry of neo-
plastic melanocytes can be performed on CSSS 
[ 35 ,  36 ]. Basal cell carcinomas and squamous 
cell carcinomas do not exhibit specifi c or sugges-
tive features on CSSS.  

22.6     CSSS Analytic Measurements 

22.6.1     Xerosis Grading 

 Some aspects of disease severity and/or improve-
ment are conveniently assessed noninvasively on 
CSSS showing specifi c features in the SC. An 
example is given by xeroses which correspond to 
various forms of predominantly orthokeratotic 
hyperkeratosis [ 37 ]. Such SC structure corresponds 
to the so-called dry skin, although the condition 
recalls some aspects of the ichthyoses [ 4 ,  5 ,  31 , 
 37 – 39 ]. Several grades of orthokeratotic hyperker-
atosis are detected on CSSS [ 5 ]. Type 0 refers to the 
absence of hyperkeratosis, except for some discrete 
focal accumulation of corneocytes in the primary 
lines of the skin. Type 1a corresponds to a continu-
ous linear hyperkeratosis of the primary lines. Type 
1b is characterised by hyperkeratosis predominant 
at the site of adnexal openings either at hair folli-
cles or at acrosyringia. Type 2 corresponds to focal 
hyperkeratosis of the skin surface plateaus repre-
senting less than 30 % of the surface of the sam-
pling. Type 3 resembles type 2 but with an altered 
area over 30 % of the skin CSSS. Type 4 is defi ned 
by a homogeneous and diffuse hyperkeratosis with 
persistence of the primary lines. Type 5a resembles 
type 4 but with loss of recognisable primary lines. 
Type 5b corresponds to the most heterogeneous 
and diffuse hyperkeratosis with loss or marked 
remodelling of the primary line network.  

22.6.2     Corneofungimetry 

 Some quantifi cations of disease severity and ther-
apeutic activity can be performed on CSSS using 
computerised image analysis. Quantifi cations of 
the fungal load in dermatomycosis can be per-
formed similarly to what described in the corneo-
fungimetry bioassay [ 30 – 33 ].  

22.6.3     Corneomelametry 

 Melanin is present in corneocytes of normal skin in 
phototype V and VI individuals. The dusty  melanin 
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load is specifi cally revealed using argentaffi n- 
staining procedures. The relative darkness of these 
CSSS can be assessed using corneomelametry 
[ 40 – 42 ]. This method consists of measuring the 
reduction of light transmission through the CSSS 
using a photometric device designed for photomi-
croscopy. It is important to distinguish melanin-
laden anucleated corneocytes from neoplastic 
dendritic melanocytes having migrated inside SC 
overlying a malignant melanoma.  

22.6.4     Stratum Corneum Dynamics 

 The dynamics of SC renewal is conveniently 
assessed using CSSS collected about 10 days 
after topical application of a fl uorescent or a 
coloured dye. The more the SC renewal is rapid, 
the less stain remains present on the CSSS. 

 Dansyl chloride is a time-honoured fl uorescent 
compound for the SC. For years, the test relied on 
daily assessment of the decline in the clinical fl u-
orescence [ 43 ]. The rate of SC renewal was deter-
mined by the duration of the fl uorescence 
persistence. However, this clinical test proved to 
be diffi cult to interpret because it was not easy to 
clinically evaluate with precision the moment of 
fl uorescent loss. This was due to the uneven fade-
out of fl uorescence persistence. The CSSS method 

is a variant performed at a fi xed time after dansyl 
chloride application. The fl uorescence pattern is 
quantifi ed using image analysis [ 44 ]. The shallow 
skin lines represent a typical site for residual fl uo-
rescence (Fig.  22.3 ).

   Fluorescence fading is assessed in vivo after 
application of topical products and interpreted as 
an effect on the keratinocytes proliferation [ 45 ]. 
However, this procedure represents a pitfall when 
the test product extracts dansyl chloride from the 
SC [ 46 ]. The correct procedure should begin with 
the application of the test product for a dozen of 
days. In a second step dansyl chloride should be 
applied without any further applications of the 
test product. Such a procedure allows to disclose 
any boosting effect on the epidermis without any 
risk for artefactual dansyl chloride extraction. 

 A risk of allergy and systemic resorption of dan-
syl chloride is possible. Hence, there is some limi-
tation for its use, particularly in subjects involved 
in a series of similar tests. Dihydroxyacetone was 
offered as a surrogate SC marker [ 47 ].  

22.6.5     Comedometry 

 Comedometry allows the computerised quan-
tifi cation of the number and size of follicular 
casts present on CSSS (Fig.  22.4 ). This method 

  Fig. 22.3    Fluorescent dye 
persistence in a stratum 
corneum renewal test       

 

G.E. Piérard et al.



259

fi nds application in the comedogenesis and 
comedolysis- related disorders and treatments 
[ 9 ,  10 ,  14 ,  25 ,  26 ]. Comedometry on human skin 
appears more relevant than animal (rabbit ear) 
models of comedogenesis. There are large inter-
individual differences in the number of horny fol-
licular casts among subjects. When an exogenous 
comedogenic factor is involved, the vast majority 
of the follicles are similarly affected. By contrast, 
endogenous comedogenic factors typically affect 
at variable degree a minority of follicles. The 
sensitivity of the method is such that microcom-
edolysis is possibly objectivated after a few days 
or weeks of adequate treatment.

   Lipid-sensitive foils are conveniently used to 
assess the sebum output at the skin surface. It is 
possible to combine this method with CSSS 
[ 48 ]. In a fi rst step, the foil is applied to the skin 
for a limited period of time not exceeding 1 h. 
The outlines of the foil are ink marked on the 
SC. In a second step following removal of the 
foil, a CSSS is collected from the very same skin 
site. The ink mark is visible on this sampling. 
The CSSS and the foil are then exactly super-
posed using the ink mark as an adjusting mark. 
The dual samplings are examined under the 
microscope and submitted to image analysis 
considering the darker horny follicular casts and 

the clear transparent sebum spots. Correlations 
are possibly established between the follicular 
pore sizes, microcomedones and the follicular 
sebum output [ 48 ].   

    Conclusions 

 Beside conventional biopsies and cytology of 
exudates, imprints and scrapings, CSSS pro-
vide useful information in the fi eld of 
 dermatopathology and skin pharmacology. 
This simple and noninvasive method allows 
the clinician to avoid invasive biopsy within 
limits of well-defi ned indications. Less than 
3 min are necessary between sampling and 
examination. There are evident features and 
subtle characteristics discernible in the struc-
ture of the SC that enable a diagnosis to be 
made in a variety of skin diseases. It is impor-
tant to stress that no single criterion should 
usually be relied upon for a defi nitive diagnosis 
on CSSS. Rather a constellation of clues 
should be sought. Quantifi cations are made 
possible on CSSS using computer-assisted 
image analysis.     
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23.1            Stratum Corneum and 
Chemical Xenobiotics 

 The interaction between surfactants and the stra-
tum corneum (SC) has many-sided aspects. Lipid 
removal, protein denaturation, corneocyte swell-
ing, impaired SC barrier function, and SC rough-
ness induction are among the best recognized 
effects. Testing skin compatibility of surface- 
active agents usually relies on a large panel of 
volunteers. Such a procedure is costly and time 
consuming. As a result, several alternative meth-
ods were designed both in vivo and in vitro. 

 Skin washing with a cleanser is occasion-
ally responsible for both sensorial and chemical 
irritations. Most individuals complaining with 
sensorial or chemical irritation fi nd it necessary 
to select skin cleansers using a trial-and-error 
approach. However, a number of in vivo methods 
and in vitro tests were described for the prediction 
of potential surfactant irritancy. These include 
the so-called pH rise of bovine serum albumin, 
the corneocyte swelling, the collagen swelling, 
and the zein solubilization tests [ 1 ]. Under some 
experimental conditions, however, data gained 
by these regular tests failed to  correlate with in 

vivo observations [ 2 ]. Such pitfalls suggested 
that other relevant in vitro methods would be 
welcome.  

23.2     Corneosurfametry 

 The interaction between the SC and various 
chemical xenobiotics is conveniently assessed on 
cyanoacrylate skin surface strippings (CSSS). 
Corneosurfametry (CSM) was coined after cor-
neocyte, surfactant, and metry. It refers to effects 
of surfactants and wash solutions on the SC 
[ 3 – 8 ]. For this purpose, CSSS are harvested from 
the inner forearms of healthy volunteers. A solu-
tion of the test product or its neat formulation is 
sprayed over a series of CSSS which are placed 
in plastic trays covered by lids. After a given 
period of incubation at controlled temperature, 
the samples are thoroughly but gently rinsed in 
running tap water, air-dried, and stained for 3 min 
in a toluidine blue-basic fuchsin solution. 
Thereafter, the samples are copiously rinsed with 
water and dried prior to perform color 
 quantifi cation using refl ectance colorimetry. 
Indeed, surfactants remove lipids and denaturate 
corneocyte proteins, thus disclosing chemical 
sites available for staining reactivity. A combined 
dotted and rimmed pattern is visible on corneo-
cytes at the microscopic examination. 

 Using quantitative refl ectance colorimetry 
(Chroma Meter CR400, Minolta, Osaka, Japan), 
the mean values of luminancy ( L *) and Chroma 
 C * are calculated from measurements made on 
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three sites from each sample placed on a white 
reference tile. Mild surfactants exhibiting little 
denaturating effect on corneocytes give a combi-
nation of high  L * values and low Chroma  C * val-
ues. Typically,  L * decreases and Chroma  C * 
increases with the irritancy potential of the prod-
uct. The difference between the  L * and Chroma 
 C * values of each sample represents the colori-
metric index of mildness (CIM). The CSM index 
(CSMI) of a given test product corresponds to the 
difference in color between water-treated control 
samples and those samples exposed to the test 
product. It is conveniently calculated according 
to the following formula: 

  CSMI L 2 C 2 5= +Δ Δ* * .0    

  Increasing the temperature at which CSM is 
run increases the SC reactivity [ 9 ]. The micro-
wave CSM variant is a more rapid procedure 
[ 10 ]. In this procedure, CSSS are immersed in 
a fl ask containing the test surfactant solution. 
Samples are then placed in a microwave oven 
containing a 500-ml water load. Microwave CSM 
is  conveniently run at 750 W for 30 s. The next 
steps are identical to the regular CSM procedure. 

 Responsive CSM is a variant method where 
skin has been preconditioned before CSSS 
 sampling [ 11 ]. For instance, the method is based 
on repeat subclinical injuries by surfactants 
monitored in a controlled forearm immersion 
test. At completion of the preliminary in vivo 
 preconditioning procedure, CSSS are harvested 
for a regular or microwave CSM bioassay using 
the same surfactant as in the preconditioning in 
vivo procedure. Preconditioning the skin by this 
way increases CSM sensitivity helping to dis-
criminate among mild surfactants [ 11 ]. In this 
context, subjects with atopic dermatitis com-
monly show increased CSM reactivity [ 12 ]. 
Similarly, some individuals with sensorial irrita-
tion exhibit increased CSM reactivity [ 13 ]. 

 Shielded CSM was designed for testing the 
so-called skin protection products [ 14 ]. Such 
products claiming for a barrier effect should the-
oretically shield against noxious agents. In 
shielded CSM, regular CSSS are fi rst covered by 
the test skin protection product ahead from 
 performing CSM using a reference surfactant. 
Comparative screenings of skin protection 

 products are conveniently performed using 
shielded CSM without exposing volunteers to 
any potential hazards linked to in vivo testing. 

 Animal CSM can be performed in a way  similar 
to human CSM [ 15 ]. The method is available for 
safety testing of cleansing products specifi cally 
designed for some animal species. In addition, 
any interspecies differences in skin reactivity to 
surfactants are conveniently assessed [ 15 ].  

23.3     Corneoxenometry 

 The corneoxenometry (CXM) bioassay was 
named after corneocyte, xenobiotic, and metry. 
It was introduced as a convenient approach to 
explore the effect of some chemical xenobiotics 
other than surfactants on human SC [ 16 ,  17 ]. The 
basic procedure is similar to CSM and its vari-
ants. The main CXM indication resides in testing 
skin irritation while avoiding any in vivo haz-
ards. Another indication concerns the compara-
tive assessment of penetration enhancers 
commonly used in topical formulations [ 18 ]. Still 
another CXM indication deals with the determi-
nation of a dose-effect relationship for agents 
active on the SC structure and function [ 19 ]. 

 CXM was used for testing a series of chemi-
cals harmful to the SC [ 16 – 20 ]. The bioassay 
entails collection of CSSS from normal human 
skin. The harvested SC sheet, uniform in thick-
ness, is subjected to the ex vivo action of the 
selected xenobiotics. Series of CSSS covered in 
excess by their respective chemicals are kept for 
2 h at room temperature in a closed environment, 
for instance an oven, to prevent evaporation of 
the test solution. Samples are then thoroughly 
rinsed under running tap water, air-dried, and 
stained with a toluidine blue-basic fuchsin solu-
tion at pH 3.45 for 3 min. Any lipid removal and 
protein denaturation induce increased dye bind-
ing on corneocytes. It has been shown that harsh 
compounds to the skin considerably increase the 
intensity of staining of the CSSS [ 1 ,  4 ,  11 ,  13 , 
 16 ,  17 ,  20 ,  21 ]. After placing the samples on a 
white reference tile, refl ectance colorimetry 
(Chroma Meter CR400 Minolta) is used to derive 
the  L * and Chroma  C * values. Colorimetric 
data objectively quantify the CXM bioassay. 
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The colorimetric index of mildness (CIM) is 
calculated as previously defi ned [ 11 ,  16 ,  17 , 
 20 ,  21 ] following CIM =  L * − Chroma  C *. The 
relative irritancy index (RII) is calculated fol-
lowing [RII = 1 − [(CIM product) (CIM water) −1 ]. 
Obviously, RII is not a direct measure of the bar-
rier function. However, it correlates with clinical 
signs of irritancy. In fact the bioassay explores 
the combined effects of lipid removal and disor-
ganization and of protein denaturation as well. 
Hence, any rise in RII is a clue for SC damage 
responsible for barrier function impairment.  

23.4     Penetration Enhancer 
Testing 

 One of the upmost important functions of the 
epidermis is the formation of a well-structured 
barrier between the body and the ingress of poten-
tially noxious xenobiotics. The latter compounds 
correspond to environmental contaminants, 
chemical irritants, toxins, and still others. The 
barrier function is vital to keep constant the inter-
nal living tissues. Much research was performed 
to understand the skin barrier function of the SC. 
In some instances, however, chemical penetration 
enhancers (absorption enhancers or accelerants) 
represent an attractive potential overcoming the 
barrier effi cacy and increasing drug penetration 
through the SC. Penetration enhancers typically 
induce a temporary and reversible decrease in 
the skin barrier properties. They act in a number 
of ways, some of which altering the solubility 
properties or disrupting the ordered nature of the 
epidermal lipids [ 22 ]. Other molecules alter the 
intercorneocyte cohesiveness. 

 The desirable attributes for penetration 
enhancers are varied [ 22 – 24 ]. The compound 
should be pharmacologically inert without any 
effect at receptor biologic sites. The risk for irri-
tation, allergy, and toxicity should be minimal. 
The enhancer should be compatible, both chemi-
cally and physically, with drugs and vehicles in 
the dosage form. It should possess a rapid onset 
of action with a predictable duration of activity. 
In addition, the effects should be completely and 
rapidly reversible upon the product removal from 
the skin. Furthermore, the effects should ideally 

be unidirectional, allowing only the ingress of 
specifi c xenobiotics without loss of any endoge-
nous component from the body. The penetration 
enhancer should be cosmetically acceptable, 
odorless, inexpensive, tasteless, and colorless. 

 Despite the wide range of purported penetra-
tion enhancers, there is no chemical combining all 
of the desirable attributes. Some chemical enhanc-
ers are specifi cally designed for this purpose such 
as 1-dodecylazacycloheptan-2-one (laurocapram 
or Azone ® ). Other compounds are more com-
mon constituents of topical formulations such as 
surfactants and solvents. The  relative effi cacies 
of enhancers towards distinct drugs have been 
largely explored and compared [ 25 ]. 

 In vivo testing with penetration enhancers was 
performed safely by some researchers in contrast 
to others who reported severe cell damage in the 
epidermis and even skin necrosis [ 26 ]. Such haz-
ards called for ex vivo predictive bioassays on 
human skin or SC [ 26 ,  27 ]. 

 The two classes of penetration enhancers, 
namely, the solvent type and the lipid fl uidizer 
type, are conveniently combined to reach syner-
gistic effects [ 28 ,  29 ]. In complex formulations, 
each component possibly acts in distinct ways, 
precluding any determination of specifi c interac-
tions. Binary and ternary mixtures were reported 
to be more active than single-penetration enhanc-
ers [ 30 ]. However, the ideal combination activity 
of the chemicals is diffi cult to predict unless a 
more precise knowledge of the involved mecha-
nisms has been deciphered. In sum, there is a 
need for accurate assessments of the SC permea-
bility alterations in order to design safe, reliable, 
and effective formulations [ 31 ]. CXM has shown 
its predictive value in this fi eld.  

23.5     Corneoxenometry 
and Dose–Response Effect 
of Chemical Penetration 
Enhancers 

 A dose–response effect was searched for 
 ethanol and laurocapram using the CXM bioas-
say [ 19 ]. In the same study, other assessments 
were performed using a gel formulation (pro-
pylene carbonate, hydroxypropyl cellulose, 
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 butylhydroxytoluene, ethanol, glycerol) contain-
ing 10 % propylene glycol and a combination 
of three other enhancers, namely, N-acetyl-L- 
cysteine (NAC), urea, and salicylic acid. The three 
latter penetration enhancers were incorporated in 
various proportions with keeping the sum of their 
respective concentrations at the 20 % level. 

 Data from CXM appeared reproducible and 
sensitive enough to disclose signifi cant differ-
ences between formulations [ 19 ]. Both the nature 
and concentration of penetration enhancers gov-
erned the RII values. For each test formulation, 
the interindividual variability was reasonably 
low. Linear dose-effect responses were obtained 
with ethanol in the range 0–100 % and laurocap-
ram in the range 0–5 %. The 10 % propylene 
glycol-based gel exhibited a wide range in RII 
values when supplemented with NAC, urea, and 
salicylic acid. NAC exhibited a moderate effect 
on CXM. RII rose with increasing amounts of 
urea replacing NAC. The RII rise was stronger 
when using salicylic acid instead of urea. The 
combination of salicylic acid and urea proved to 
be more active than salicylic acid alone.  

23.6     Corneoxenometry 
and Organic Solvents 

 The effects of organic solvents were studied in 
many instances [ 32 ,  33 ]. In particular, they were 
compared using CXM [ 16 ]. Series of CSSS were 
immersed for 1, 5, 10, 30, 60, or 120 min in vials 
containing deionized water or an organic solvent 
including chloroform, ethanol, hexane, metha-
nol, chloroform-methanol (2:1, v/v), hexane- 
ethanol (2:3, v/v), and hexane-methanol (2:3, 
v/v). After contact with the selected solvent for 
one of the predetermined duration, CSSS were 
thoroughly rinsed under running tap water for 
20 s, air-dried, and stained for 3 min with tolu-
idine blue-basic fuchsin dyes. 

 The ranking from the least to the most aggres-
sive solvent according to the mean CIM was as 
follows: hexane (40.7), ethanol (26.5), metha-
nol (23.5), hexane-ethanol (23.3), chloroform 
(20.8), chloroform-methanol (15.5), and hexane- 
methanol (7.8) [ 16 ]. CIM values showed that 

the effect of hexane-methanol on SC was sig-
nifi cantly higher ( p  < 0.01) than those of any 
other solvent with the exception of chloroform- 
methanol. Chloroform-methanol is well known 
as the most potent extraction mixture for lipids 
in biological samples. However, it did not reach 
the top rank using the CXM bioassay [ 16 ]. Such 
a fi nding further illustrated the fact that organic 
solvents may alter other biological components 
which in turn affect the CXM data. No signifi cant 
difference was yielded between ethanol, metha-
nol, and hexane-ethanol, but each of them was 
signifi cantly ( p  < 0.05) more active than hexane. 
The infl uence of exposure time between SC and 
solvents showed some solvent-related differ-
ences. However, all correlation were signifi cant 
( p  < 0.01) and best fi tted a logarithmic relation-
ship. It appeared that most of the changes in CIM 
were reached within 10 min for each solvent. 

 Despite interindividual inconsistencies in cor-
neocyte alterations, signifi cant differences were 
reported among solvents using the CXM bioas-
say [ 16 ]. The test organic solvents are recognized 
to extract lipids [ 26 ,  27 ,  34 – 37 ]. In addition, 
alterations in the SC other than pure lipid extrac-
tion are likely [ 27 ]. Large interindividual differ-
ences in CIM were found for any of the solvents 
or mixtures [ 16 ] suggesting the variability in the 
overall lipid extraction by these compounds [ 26 ]. 
The alterations induced in the human SC by sol-
vents at the CXM bioassay were indeed reported 
to be more variable in extent that those induced 
by diluted surfactants as shown at the CSM bio-
assay on normal subjects [ 13 ,  16 ].  

    Conclusion 

 CSM and its CXM variant appear as relevant 
and predictive bioassays for assessing the 
overall effect of single and combined chemi-
cal xenobiotics. They are cheap, rapid, mini-
mally invasive, and relevant to human skin 
reactivity. In addition, the reproducibility, 
specifi city, and sensibility are quite high. 
These bioassays therefore represent valuable 
screening tests proposed as an alternative to 
animal testing and hazardous human testing. 

 The CSM and CXM bioassays allow to 
assess the infl uence of the contact time between 
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the SC and noxious chemicals. The time range 
between 1 and 120 min appears relevant fol-
lowing available information about the kinetics 
of lipid extraction from human SC. The CSM 
and CXM data are in line with a handful of 
other procedures. However, they do not explore 
the effects of xenobiotics on both the living epi-
dermis and the nature and intensity of infl am-
mation that could result in irritant dermatitis.     
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24.1            Introduction 

 Sebum is the general term defi ning the lipids 
excreted by the sebaceous glands and spreading 
on the surface of the skin. These skin surface lip-
ids (SSL) are in fact a mixture of epidermal lipids 
and lipids from the sebaceous glands (sebaceous 
lipids). The quantity and the composition of SSL 
are not the same on different areas of the human 
body. Epidermal lipids are found on the whole 
body and are the sole component of SSL in ana-
tomical regions where no or only few sebaceous 
glands are present. High quantities of SSL are 
present on cutaneous areas with many sebaceous 
glands such as the face (forehead, nose and 
cheeks), the scalp and the upper parts of the trunk 
and of the back. Here the proportion of sebaceous 
lipids may be important (up to 95–97 %) and the 
one of epidermal lipids negligible (3–5 %). 

 Numerous publications dealing with the seba-
ceous gland and sebumetry have been already 
published [ 1 – 8 ].  

24.2     Skin Surface Lipids 

24.2.1     Epidermal Lipids 

 Epidermal lipids originate from the keratino-
cytes. Quantity and the composition of the intra-
cellular lipids in the keratinocytes vary during 
the maturation process. In the basal layer, kerati-
nocytes contain relatively few lipids. During the 
maturation process, the quantity of lipids is 
greatly increased, and their composition changes 
towards a signifi cant proportion of ceramides 
(30–35 %), less fatty acids (20–25 %) and 
 cholesterol (20–25 %), and little triglycerides 
(10–15 %) [ 9 ,  10 ]. Free fatty acids and cerami-
des are typical markers of epidermal lipids. In 
the upper epidermal layers, keratinocyte lipids 
are stored in vesicles called lamellar bodies 
(Odland bodies) [ 2 ,  10 ,  11 ]. These vesicles 
migrate towards the periphery of the cells, and 
their content is liberated into the extracellular 
space by exocytosis. As a consequence, rela-
tively large multilayer structures are formed 
which fi ll in the intercellular space in the stratum 
corneum. During desquamation and exfoliation 
of the corneocytes, these lipids are liberated at 
the surface of the skin [ 9 ,  10 ]. 

 Epidermal lipids are a key component of the 
stratum corneum. They ensure the cohesion 
between the multiple cellular layers of the stra-
tum corneum and are responsible for the barrier 
function of the skin [ 10 ]. As a rule, the transepi-
dermal water loss of normal skin remains very 
low (below 10 g/m 2  × h) [ 2 ,  9 ]. 
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 On the skin surface, the quantity of epider-
mal lipids remains very low and varies with the 
anatomical area. On the legs and forearms, 
5–20 μg/cm 2  have been noted [ 12 ]. Measurement 
of SSL on areas where no or only very few 
 sebaceous glands are present is diffi cult because 
the measured values are near the lower measure-
ment limit of measuring equipments (near 5 μg/
cm 2 ). Measurements reveal a great intra- and 
interindividual variability.

24.2.2        Sebaceous Lipids 

 Sebum is a mixture of lipids found on the skin 
surface. It is produced by the sebaceous gland, 
which is located in the dermis and associated 
with a hair follicle (pilosebaceous system). The 
secretion of the gland takes place in the infun-
dibulum of the follicle [ 4 ,  5 ]. 

 A short note on the physiology of the seba-
ceous gland is necessary to understand the basics 
of sebum excretion. Sebaceous glands are holo-
crine glands, meaning that the glandular secre-
tion consists of cells from the gland itself. Lipid 
excretion takes place by disintegration of entire 
cells, the sebocytes. Sebocytes in the basal cellu-
lar layer proliferate, become lipid loaded during 
differentiation and migrate towards the opening 
of the gland. Through disintegration, lipids and 
cellular debris are discharged in the sebaceous 
canal and then into the infundibulum. Transit 
time from the basal layer via the infundibulum to 
the skin surface amounts to 2–3 weeks. The 
infundibulum may build a reservoir with great 
quantities of sebum [ 1 – 8 ,  13 ,  14 ]. 

 The activity of the sebaceous gland is charac-
terised by 4 phases: sebum production (secretion 
rate), storage of the sebum in the infundibulum, 
excretion on the skin surface (excretion rate) and 
interaction of the sebum with the skin surface. 
A shiny and fatty skin appearance may result 
from an excess of sebum interacting with the 
cutaneous surface [ 15 ]. 

 The pilosebaceous follicles feature different 
volumes in their sebaceous gland part and 
 according to their dimensions and the type of fol-
licle as well: vellus follicle, terminal follicle 
(telogen hair) and sebaceous follicle (a large 

gland with minute hair) [ 4 ]. The skin density of 
pilosebaceous follicles depends from the anatom-
ical location: 200–500/cm 2  on the scalp, 300–
1,500/cm 2  on the face and on shoulders and upper 
trunk 50–100/cm 2  [ 4 ]. 

 The composition of sebum differs considering 
“native” sebum freshly synthesised and “mature” 
sebum collected after excretion and spreading on 
the skin surface. Freshly synthesised “native” 
sebum does not remain within the infundibulum 
for a long time. Its chemical composition has not 
been altered by lipases from the resident micro-
bial fl ora of the pilosebaceous follicle. Native 
human sebum does not contain any free fatty acids 
or ceramides, but squalene (10–14 %), waxes 
(23–29 %), triglycerides (20–60 %) and some 
cholesterol (1–5 %). Squalene is a characteristic 
component present in relatively stable concentra-
tion (12–15 %) [ 4 ,  12 ,  14 ]. Epidermal lipids do 
not contain squalene or only traces [ 9 ,  10 ,  12 ]. 
“Mature” sebum on the skin surface results from 
the action of bacterial lipases partially hydrolys-
ing triglycerides during sebum fl ow to the skin 
surface and from a small contamination by epider-
mal lipids (3–5 %). Chemical oxidation reactions 
may also take place. All this explains the presence 
of cholesterol, of diglycerides and particularly of 
free fatty acids (5–40 %) in mature sebum. 

 Anatomically, sebum is abundant on the scalp, 
on facial skin (forehead [mainly the central part], 
nose, cheeks and chin), neck, shoulders and 
upper trunk (both sides). Other anatomical loca-
tions present only low to very low sebum levels. 
On the face, one speaks from the T-zone (fore-
head, nose, perioral areas and chin) [ 16 ,  17 ]. 
Because the amount of sebum remains generally 
constant for each individual on these specifi c 
skin areas, it has been called “casual level” (SCL: 
sebum casual level) [ 4 ,  5 ]. SCL amounts to 100–
200 μg/cm 2  in normal subjects and up to >500 μg/
cm 2  in hyperseborrheic subjects [ 12 ,  16 ,  17 ].   

24.3     Regulation of Sebaceous 
Gland Activity 

 Several endocrine factors, internal factors such 
as gender, age and ethnic group, and external 
 factors such as temperature, relative humidity 
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and  season all may infl uence sebaceous gland 
function and sebum secretion. 

24.3.1     Endocrine Regulation 

 Androgens stimulate dose-dependently sebaceous 
function. In men the main androgen is the plasma 
free testosterone circulating level. In women, 
main stimulating components are androstenedi-
one and dehydroepiandrosterone (DHEA), which 
both are enzymatically converted into testosterone 
by the sebocyte. After entering the cell, testoster-
one is converted into dihydrotestosterone (DHT) 
by a type I 5α-reductase. DHT is a more potent 
androgen than testosterone and binds to a specifi c 
nuclear receptor after entering the nucleus in form 
of a cytosolic macromolecular complex. Estrogens 
decrease dose-dependently sebum production, but 
their action is weaker than the enhancing effect of 
androgens. In women, sebaceous gland function 
is decreased during the estrogenic follicular phase 
of the menstrual cycle and increased during the 
premenstrual luteal phase [ 3 ,  4 ,  13 ,  14 ,  18 – 21 ].  

24.3.2     Infl uence of Age 

 During the early months of life and just after 
birth, a strong rise in sebum production occurs 
with a maximum at 1 month after birth. Then 
sebum secretion progressively disappears with 6 
months. From 6 months to puberty, SCL remains 
low. At puberty, a new surge of sebum secretion 
occurs till adult age, with consequent cutaneous 
troubles well known from teenagers: oily skin 
and acne [ 3 ,  4 ,  13 ,  14 ]. 

 After 50 years of age, SCL and sebum secre-
tion slowly decrease in men. In women, the 
menopause is characterised by a strong decrease 
in both parameters [ 22 ]. Although sebum produc-
tion decreases with age, the dimensions of the 
follicles do not change or may even greatly 
increase. Age-related changes in SCL are some-
times weak and diffi cult to characterise and 
depend on the anatomical location [ 22 – 25 ]. 

 There are some studies indicating a depen-
dency of the decrease in sebaceous gland function 
with age depending of the ethnic group [ 26 ,  27 ].  

24.3.3     Infl uence of Gender 

 According to a past publication, mean sebum 
secretion values are signifi cantly higher in men 
aged 20–60 years, whereas this difference is tem-
porarily reversed just before puberty, which 
occurs sooner in girls [ 19 ]. The difference bet-
ween both sexes in sebaceous gland activity 
becomes more important at ages 50–70 years 
because the secretion strongly decreases in 
women although remaining almost constant in 
men [ 18 ,  25 ]. 

 Recent publications tend to show that the dif-
ferences between men and women are less impor-
tant than the differences due to belonging to a 
particular ethnic group [ 27 ].  

24.3.4     Infl uence of Ethnic Group 

 Former studies point to a decrease of sebum pro-
duction in the order Black skin > Caucasian skin > 
Asian skin [ 4 ]. More recent publications have 
dealt with ethnic group infl uence on sebaceous 
function [ 28 ,  29 ]. SCL in Caucasian women is 
lower than in Japanese women [ 30 ], whereas SCL 
on the forehead of Afro-American women is lower 
than in Caucasian women, although this differ-
ence was not signifi cant [ 31 ]. More detailed inves-
tigations of the ethnic specifi city of sebaceous 
gland activity on the forehead and cheek in Afro-
American, Latin American (Hispanic), Chinese 
and Caucasian women did not fi nd differences in 
sebaceous secretion between the four groups. 
Sebaceous gland density was lower in Latin 
American (Hispanic) and Chinese women com-
pared to Afro-American and Caucasian women. 
More recently, no signifi cant differences were 
noted in SCL in African, Caribbean and Caucasian 
women living in Europe [ 32 ]. All these results 
should be considered in view of the fact that varia-
tions due to climatic conditions could override 
variations due to the ethnic group [ 26 – 29 ].  

24.3.5     Circadian Variations 

 Sebum secretion on the forehead and cheek under-
goes circadian variations [ 3 ,  4 ,  15 ,  33 ]. Generally, 
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a maximum in SCL is observed towards 12–14 h 
and a minimum at 4–7 h [ 33 ,  34 ]. These results 
have been confi rmed on the scalp [ 35 ].  

24.3.6     Seasonal Variations 

 Environmental temperature strongly infl uences 
SCL. An increase of 1 °C in cutaneous tempera-
ture leads to a 10 % increase in sebum secretion 
[ 36 ]. At 40 °C environmental temperature, sebum 
is very fl uid; at 10 °C environmental temperature 
it is quite viscous [ 4 ,  5 ]. The question arises if the 
increase in SCL at higher environmental temper-
atures is due to a stimulation of secretion or sim-
ply to a better fl owing and a faster excretion due 
to the decreased viscosity of the sebum. In any 
case, sebaceous secretion is higher in the spring 
and summer months than in fall and winter 
months [ 3 ,  4 ,  17 ,  33 ,  36 ]. 

 Sweating affects SCL. Subjects with a low 
level of sweating also show low SCL and recip-
rocally [ 4 ,  5 ]. Sebum interacts with sweat on the 
skin surface and diminishes the quantity of lipids 
absorbed by porous polymer foils. For this rea-
son, measurements of SCL should be conducted 
under environmental conditions where no sweat-
ing occurs [ 7 ].   

24.4     Quantitative Parameters 
for Measuring Sebaceous 
Gland Function 

 Two quantitative parameters are now used to 
measure sebaceous gland function: the SCL 
(sebum casual level; already quoted in 
Sect.  24.2.2 ) and the rate of secretion SER 
(sebum excretion rate). Additionally, new sebum 
collecting techniques allow the determination of 
active sebaceous gland density. 

24.4.1     Sebum Casual Level SCL 

 SCL is the quantity of skin surface lipids 
expressed in micrograms per square centimetre 
(μg/cm 2 ). SCL corresponds to the saturation level 

measured after refatting of the skin surface 
treated before measurement with an organic sol-
vent (such as alcohol or hexane) and with a non-
ionic detergent to remove as completely as 
possible SSL. Generally, refatting is considered 
completed 3–4 h thereafter, showing then a pla-
teau value [ 5 ,  7 ]. 

 As already indicated SCL amounts to 100–
200 μg/cm 2  in normal subjects and up to >500 μg/
cm 2  in hyperseborrheic subjects.  

24.4.2     Sebum Excretion Rate SER 

 After thorough removal of the surface lipids, 
refatting begins rapidly. Thereafter, it gradually 
slows to reach the plateau value after 3–5 h. 
Refatting kinetics follow an exponential curve [ 4 , 
 5 ]. SER is defi ned as the quantity of lipids pro-
duced in a given time on a given surface and is 
expressed as micrograms per square centimetre 
and minute (μg/cm 2  × min). 

 SER amounts to 0.5–2.5 μg/cm 2  × min on the 
forehead. On the scalp and on the cheeks, SER 
varies between 0.1 and 0.8 μg/cm 2  × min [ 4 ,  5 ]. 

 At times beginning after removal of skin  surface 
lipids, SER corresponds to the release of a pool of 
sebum already secreted and stored in the upper part 
of the pilosebaceous duct. SER represents an 
excretion rate and not the glandular secretion rate 
[ 37 ]. Knowing the quantity of sebum stored in the 
infundibulum may be important. Because early 
excretion during refatting mainly originates from 
this reservoir, it is possible to determine this quan-
tity by collecting sebum without interruption after 
thoroughly defatting of the skin surface. SER rep-
resents the spontaneous refatting rate during early 
times after defatting which corresponds to sebum 
coming from the infundibulum. During the follow-
ing times, SER gradually diminishes to reach a pla-
teau which then represents the sebaceous gland 
secretion because the infundibulum has been emp-
tied. The quantity of sebum in the infundibulum is 
calculated by subtracting the amount secreted from 
the total quantity of sebum sampled before stabili-
sation of the SER. Such determination is only pos-
sible if a quantitative analysis of SCL is conducted 
[ 4 ,  5 ,  37 ].  
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24.4.3     Surface Density of Active 
Sebaceous Glands 

 The collection of sebum by mean of a polymer 
fi lm (see below Sect. 24.5.4 ) allows the visualisa-
tion and quantifi cation of the density of follicular 
reservoirs containing sebum [ 4 ,  5 ,  7 ]. The num-
ber determined is generally lower than the total 
number of sebaceous glands because not all 
glands are active at the same time. The results are 
expressed in the number of active glands per 
square centimetre, mean surface of active glands 
and percentage of total active glands in reference 
to the total surface considered.   

24.5     Measurement of Skin 
Surface Lipids 

 Several parameters may be measured concerning 
skin surface lipids by using one or several tech-
niques described below:
•    Quantity of skin surface lipids (SSL, SCL) or 

of epidermal lipids (on anatomical regions 
where sebaceous glands are active, mainly 
SCL is measured).  

•   Chemical composition of collected lipids.  
•   Sebum excretion rate (SER) respectively sur-

face lipids refatting rate.  
•   Surface density of active sebaceous glands.    

24.5.1     Extraction of Skin Surface 
Lipids by Organic Solvents 

 Collection of surface lipids by direct application 
of organic solvents on the cutaneous surface is an 
old method which is not frequently used anymore 
and is not more recommended for various rea-
sons [ 3 ,  5 ]. For this purpose, solvents such as 
ether, methanol, ethanol, hexane and acetone or 
mixtures such as methanol-chloroform are intro-
duced in a defatted glass or plastic hollow cylin-
der applied on the skin for a given time. The 
choice of the solvent is important, and some sol-
vents may be aggressive to the skin. After a given 
contact time, the solvent is collected and evapo-
rated, and lipids are weighed and may be 

 solubilised in another suitable solvent for analy-
sis (e.g. HPLC) or any further manipulation.  

24.5.2     Collection of Skin Surface 
Lipids by Absorbent Paper 

 A paper with known constant lipid-absorbing 
properties is used. The type of absorbent paper 
used is critical. After defatting of the paper with 
ether, it is fi rmly pressed for a given time (e.g. 3 h) 
on the skin surface. The paper is weighed before 
and after impregnation, and the lipids may be 
extracted by an appropriate solvent for further 
analysis [ 5 ,  37 – 39 ]. This method is precise but 
slow and laborious. It has been extensively used 
in the past. Many factors need to be controlled 
during the test, e.g. constant paper quality, paper 
saturation, possibility of different absorption of 
the single SSL components and extraction of the 
lipids [ 5 ,  39 ].  

24.5.3     Collection of Skin Surface 
Lipids on Grounded 
Plastic Film 

 A rapid, simple and accurate method for quan-
tifi cation of SCL was developed in the 1970s 
by using a series of clean ground glass plates 
applied under constant pressure on the skin 
during 30s [ 40 ]. After collection of the surface 
lipids, the ground glass plate becomes more 
translucent. The variation of light  transmission 
across the plates was shown to be a function 
of the fat deposited on them. This allowed a 
precise determination of the SCL. The device 
used at that time, the Lipometre®, was never 
commercialised. 

 The same principle was applied on a grounded 
plastic fi lm. The device is the Sebumeter® 
(Courage-Khazaka, Cologne, Germany), which 
uses a grounded plastic ribbon-shaped fi lm 
becoming more or less translucent depending on 
the quantity of SSL collected after 30s applica-
tion on the skin surface under constant pressure 
(6.6 ± 1.2 N, which is relatively high). Light 
transmission is measured through an optical 
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reader before application (zero values) and after 
collection. Results are given in arbitrary units 
proportional to the quantity of lipids collected by 
the ribbon in μg/cm 2 . An innovation is to provide 
the plastic ribbon in a rewinding cassette allow-
ing up to 450 consecutive measurements. The 
measuring head of the cassette exposes a 64 mm 2  
measuring section of the ribbon. 

 A calibration may be conducted by apply-
ing on the ribbon or on the skin surface known 
quantities of synthetic lipids such as artifi cial 
sebum or Vaseline having similar viscosity to 
human sebum [ 5 ]. A specifi c cassette with a 
known light transmission value is provided by 
the manufacturer. 

 Several factors must be taken in account dur-
ing measurement of SCL with the Sebumeter®. 
The fi rst collection is not a constant fraction of 
the SCL. As a rule, it is estimated that an average 
of about 40 % of the total skin surface lipids is 
absorbed with one sampling (captation factor), 
[ 1 – 3 ,  5 ]. This proportion depends among others 
from the roughness of the plastic fi lm and from 
temperature. The temperature for sampling is at 
equilibrium between skin temperature (32 °C) 
and probe’s temperature (room temperature, usu-
ally 22 °C). At 26 °C, sebum viscosity increases 
by 17 %, which may infl uence collection [ 5 ]. 
Skin roughness and application pressure also 
infl uence contact quality. It is generally admitted 
that under similar strictly controlled measure-
ment conditions, measurements results may be 
compared. 

 Repeated collection on the same skin site 
shows that the sampled quantity decreases expo-
nentially with the number of collected samples. 
This may however not be the case on hypersebor-
rheic surfaces where the fi rst samplings saturate 
the plastic fi lm [ 5 ].  

24.5.4      Collection of Skin Surface 
Lipids on Absorbent 
Polymer Film 

 Still following the same line of thinking, a micro-
porous hydrophobic polymer fi lm becomes trans-
lucent after lipid absorption [ 5 – 8 ]. The white fi lm 

absorbs the sebum at follicular opening of active 
sebaceous glands, loses the colour and becomes 
transparent on the spots having been in contact 
with fat. These spots become readily visible on a 
black background. Single spot surface is propor-
tional to the quantity of secreted lipids during the 
contact time. 

 Different techniques are available. Originally, 
the polymer fi lm offered was glued on the skin 
surface by an adhesive coating (Sebutape 
Adhesive Patches®, CuDerm, Dallas, Texas, 
USA). Polymer fi lms without adhesive are now 
available such as Instant Sebutape® (CuDerm, 
1.1 × 1.1 cm) and Sebufi x F16® (Courage- 
Khazaka, Cologne, Germany; 1.7 × 1.7 cm). 
Application time are different, at least 30 min 
(generally about 1 h) for the Sebutape® (because 
the adhesive coating slows lipid absorption by the 
polymer) and 30s to 1 min for Instant Sebutape® 
and Sebufi x®. 

 Evaluation of the results is best made by com-
puterised image analysis. The parameters mea-
sured are number of spots, total surface of the 
black spots and mean surface of the spots. 
Because the exact percentage of the lipids col-
lected on the skin surface is not known, these 
parameters are expressed as number of spots per 
cm 2 , individual or total surface of spots in cm 2  or 
in arbitrary units. 

 Several factors infl uence the results. It has 
been shown that the spots gradually enlarge if 
the polymer fi lm is not evaluated immediately or 
within short time (<1 h) after removal from the 
skin surface. This is due to lateral spreading of 
the collected sebum within the polymer fi lm and 
is especially pronounced if large spots are pres-
ent [ 5 ,  7 ]. Immediate values may be consider-
ably lower than values measured 24 h later. 
Longer storage leads to spots becoming whitish 
and more diffi cult to distinguish or even unde-
tectable from their surroundings [ 7 ]. Storage in a 
freezer at −30 °C will delay but not completely 
prevent the lateral increase and the turning whit-
ish of the spots. 

 It may be added that collection of sebum by a 
microporous polymer fi lm is very suitable for 
analysis of lipid components after extraction by 
appropriate solvents [ 41 – 43 ].  
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24.5.5     Correlation Between 
the Results Obtained 
by the Different Measuring 
Techniques 

 No systematic investigations of the correlation 
between the results obtained by the different mea-
suring techniques have been conducted. Only a 
few investigations are available which show that 
sometimes conclusions from one measuring tech-
nique may not be valid for another one. Most 
results are available for plastic fi lm (Sebumeter®) 
measurements and polymer tape (Sebutape®, 
Instant Sebutape® or Sebufi x®) collection, as these 
two techniques are now most frequently used. 

 Scalp sebum measurements conducted with 
the grounded glass plate method were shown to 
be well correlated with the results obtained by 
Sebumeter® measurements [ 44 ]. 

 Sebumeter® measurements of SCL were 
shown to be linearly and strongly correlated to 
measurements of sebum after absorption on a 
polydimethylsiloxane tape and analysis via 
sophisticated chromatographic techniques [ 41 ]. 
However, in a former study, different results were 
obtained during investigations of the effect of a 
topical treatment by Sebumeter® measurement 
and Sebutape® collection [ 45 ]. 

 To explain these discrepancies, it has been 
hypothesised that correlation may be good for 
intermediate levels of sebum secretion (e.g. 150–
350 mg/cm 2 ), but the results may diverge as 
secretion levels become more extreme (i.e. hypo- 
and hypersecretion). Furthermore, tape collec-
tion and plastic fi lm collection correspond to 
sebum from different sources (which is not the 
case if one considers a grounded glass plate and 
the plastic fi lm): Sebutape® (or Instant Sebutape® 
and Sebufi x®) absorbs the free sebum present in 
the upper part of the infundibulum, whereas the 
plastic fi lm from the Sebumeter® collects SSL 
(all the sebum present in the follicular reservoir 
plus any on the skin surface).   

    Conclusion 

 In conclusion, before engaging in any SCL 
measurements, one should bear in mind that 
sebaceous gland function is very variable 

between individuals and infl uenced by many 
physiological and external factors. Most 
important are endocrine regulation, variations 
with age, gender and most probably ethnic 
group belonging. Circadian variations must be 
taken into account. External factors infl uenc-
ing sebaceous gland function are most impor-
tantly temperature, relative humidity and the 
season of the year (climate). 

 Therefore, measurements of sebaceous 
gland function and of SCL require strict control 
of different measuring conditions such as tem-
perature, relative humidity (no sweating), time 
(circadian rhythm) and time after skin cleans-
ing. Recent measurement techniques using 
grounded plastic ribbon and/or microporous 
polymer fi lms applied for a short time on the 
skin surface have made investigations very easy. 
But meaningful results are obtained only under 
strictly controlled experimental conditions. 

 If this is the case, intra-subject coeffi cients 
of variability are quite low for repeated mea-
surements on the same individual (10–15 %) 
but clearly higher for interindividual compari-
sons (up to 40 %).     
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      Abbreviations  

 a.u.    Arbitrary units   
  DI    Desquamation index   
  EW    Elbow   
  FA    Forearm   
  LL    Lower leg   
  NMFs    Natural moisturizing factors   
  SC    Stratum corneum   
  SRRC    Scaling/roughness/redness/cracks   

25.1          Stratum Corneum and Skin 
Desquamation 

25.1.1    Introduction 

 The outer part of the human skin is the epidermis, 
which consists of different layers that continu-
ously renew themselves due to cell proliferation 
and differentiation, fi nally leading to the forma-
tion of the stratum corneum (SC). Eventually, fl at 
corneocytes desquamate from the surface as sin-
gle cells or small scales. In healthy skin, the total 
process takes approximately 1 month [ 13 ]. The 
SC forms an effective barrier against transepider-
mal water loss. Indeed, corneocytes are tightly 
joined by lamellar lipid bilayers – mainly 
 consisting of ceramides, free fatty acids, and cho-
lesterol – which are covalently bound to cell 
membrane proteins [ 27 ]. Corneodesmosomes are 
the intercellular junctions between corneocytes 
responsible for the cohesion and mechanical 
strength of the SC. Mainly due to enzymatic acti-
vation of an array of serine, cysteine, and aspartic 
proteases, desmosomal degradation takes place 
and induces the physiological desquamation pro-
cess [ 22 ,  30 ]. An optimal water and lipid environ-
ment and pH gradient are key factors for the 
enzymatic activity of the serine proteases, which 
are initially produced as inactive proenzymes 
[ 12 ,  13 ,  27 ,  33 ]. Otherwise, an insuffi cient break-
down will lead to conglomerates of corneocytes, 
visible as large scales and squames [ 34 ]. Together 
with various hyperkeratotic skin pathologies, the 
 so-called senile xerosis and winter dry skin are 
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 characterized by an uneven, fl aky horny layer 
with diffi cultly desquamating scales [ 14 ,  20 ]. 
Therefore, parameters having an effect on desqua-
mation and the occurrence of dry scaly skin may 
originate as well from genetic predisposition, as 
from chronobiological skin aging, anatomic loca-
tion, and environmental factors [ 4 ,  6 ,  22 ,  25 ]. 

 Besides the desquamation process, the SC 
structure is also responsible for the barrier func-
tion of the skin against penetrating xenobiotics. In 
this context, diffusion rate studies and the deter-
mination of the reservoir function of the skin are 
important [ 20 ]. Different methods have been 
described, including skin surface biopsies by cya-
noacrylate stripping, skin scraping, and – most 
commonly used – tape stripping [ 10 ,  11 ,  18 ,  26 ].  

25.1.2    Methodologies to Evaluate 
Skin Desquamation 
and Scaliness 

 Skin scaliness can be assessed either clinically or 
biophysically, using the so-called skin bioengi-
neering techniques. Direct skin measurements 
are preferred because clinical observations might 
lack objectivity and discrimination power for 
borderline cases [ 4 ,  29 ]. Biophysical techniques 
are applicable for the measurement of a whole 
range of skin parameters and can be used as well 
by dermatologists as researchers, particularly 
when properties including high precision and 
accuracy, easy handling, time saving, and eco-
nomical prices are present. 

 Different approaches and methodologies to 
measure skin scaliness and desquamation in a 
quantitative way have been reviewed by 
Lambers and Pronk [ 16 ]. They consist of (1) 
assessment of the desquamation rate and SC 
turnover, (2) measurement of the intracorneal 
cohesion, and (3) quantifi cation of scaling [ 1 ]. 
When collection of corneocytes is carried out by 
adhesive tape material, the methodology is 
described as a so-called squamometric tech-
nique [ 23 ]. Some in vivo methods without tape 
stripping also exist. They are mainly based on 
epiluminescence microscopic photography or 

light refl ection [ 16 ,  24 ]. These methods are 
beyond the scope of this chapter and will not be 
further discussed.  

25.1.3    Squamometric Measurements 

 A classical way to perform squamometric mea-
surements is to sample corneocytes using 
adhesive- coated transparent discs, followed by 
quantitative color measurements after staining of 
the squames [ 7 ,  24 ]. Microscopic evaluation of 
the colored samples in combination with a four-
point- scale scoring system minimizes overesti-
mation of the chromametric measurements. 
When making use of such a scoring system, very 
dry skin produced a high amount of scaling, 
while normal skin was characterized by only a 
few small areas of cells or even a fi ne layer of 
single cells [ 7 ]. Signifi cant overestimation of 
colorimetric values may occur due to coloring 
artifacts. Since scales are heterogeneously 
spread and stained on the adhesive disc, any 
slight deviation in positioning of the measuring 
probe may cause important changes in the colo-
rimetric values measured. This means that 
removing of the excess stain is a critical point 
since too intense rinsing could remove adhering 
scales [ 16 ]. 

 Consequently, measuring techniques without 
coloring would be preferable. Therefore, another 
option is to produce digitized, video-captured 
images of the collected strips and to calculate the 
desquamation index (DI) with an image analysis 
program [ 4 ,  29 ]. The DI is then calculated using 
the following equation: 6DI = 2 A  + ∑  5   n  = 1  T   n    ×  ( n  − 1) 
with  A  = the percentage of area covered by scales, 
 T   n   = the percentage of scales in relation to thick-
ness, and  n  = the scale thickness (marked from 1 
to 5) [ 1 ,  29 ].  

25.1.4    Stratum Corneum 
Tape Stripping 

 Tape stripping, as a technique for sampling and 
evaluating SC layers, is well known as being 
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simple and useful. It is applied in a broad range 
of dermatological and cosmetic studies, includ-
ing analysis of SC lipids, enzymes, cytokines, 
growth factors, and natural moisturizing factors 
(NMFs) (reviewed by [ 27 ,  32 ]). Also after pene-
tration of topically applied products, analysis of 
successively removed SC layers appears to be a 
suitable method to assess the quality and effi cacy 
of product formulations and to perform quantita-
tive measurements of pharmaceuticals and their 
metabolites [ 11 ,  15 ]. 

 For analytical purposes, results are best 
expressed as a ratio to the amount of sampled SC, 
either for each single tape strip, or as a function 
of SC depth [ 18 ]. Quantifi cation of SC is mostly 
performed gravimetrically [ 21 ] or by protein 
determination [ 10 ]. Both methods, however, have 
their limitations. The weighing procedure is time 
consuming and may be prone to interference by 
some moisture and traces of sebum or SC lipids 
[ 10 ,  32 ]. On the other hand, the commonly used 
colorimetric method for protein determination, as 
established by Dreher and coworkers, has as 
drawback that the colored samples cannot be fur-
ther used for other bioassays [ 32 ]. Different 
methods to quantify the amount of SC removed 
from the skin have been comprehensively 
reviewed by Lademann et al. [ 15 ].   

25.2    Fields of Application of Tape 
Strips and Adhesive Discs 

 Besides their applicability in research for sam-
pling of SC layers and investigating the bioavail-
ability and bioequivalence of topical drugs and 
other constituents, tape strips and discs are an 
important tool for the visualization of dry, fl aky 
skin, guiding consumers in their usage of specifi c 
skin moisturizing products. Making use of adhe-
sive strips before and after product application, 
the effi cacy of both moisturizers and exfoliants 
can be evaluated [ 2 ,  4 ]. It is also a suitable method 
for the classifi cation of cleansing products for 
their potential irritative properties and skin com-
patibility [ 16 ]. Sampling tapes may also be used 
in a variety of tape-stripping protocols as well for 

skin barrier integrity measurements as for human 
nail studies [ 3 ,  31 ]. 

25.2.1    Key Considerations When 
Using Tape Strips and Discs 

 Various brands of tape material, applicable for 
skin tape stripping, exist. They differ in surface 
area and shape, as well as in composition and 
properties of the adhesive material [ 5 ,  17 ]. Skin 
application of commercialized tapes usually is a 
noninvasive technique (i.e., sequential in-depth 
stripping), meaning that it is superfi cial, painless, 
and without any health risk. Regardless the adhe-
sive tape material used, strips – ensuring a repro-
ducible rigidity and adhesion – can uniformly 
sample the upper SC layers. The advantage of 
clear, transparent strips is the visibility of the 
adhering corneocytes and scales. Furthermore, 
they allow staining in case of histological or colo-
rimetric analysis [ 18 ]. An important remark is that 
adhesive strips should always be handled by the 
tabbed edge – preferably by a pair of tweezers – to 
avoid interference with fi ngerprints. They should 
be used on clean, dry skin surfaces, applying a 
constant pressure during an appropriate time 
period, which needs to be specifi ed in the protocol. 
Removal of the strips should be done with a single 
continuous movement [ 5 ,  17 ]. As being important 
for all biophysical methods, a number of working 
conditions need to be taken into account [ 16 ]: (1) 
an air-conditioned room with constant temperature 
(20–22 °C) and humidity (40–60 %); (2) an accli-
matization period for the volunteers, preferably in 
a stressless environment and the test zones should 
be kept uncovered; and (3) dust-free frames and 
closed boxes to protect from direct light in case of 
storage of tape strips [ 8 ]. Corneofi x® strips and 
D-SQUAME® discs are two examples of adhesive 
tape materials that will be further discussed.  

25.2.2    Product Information 

 Corneofi x® F20 Desquamation Collector Foils 
from Courage + Khazaka electronic GmbH 
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(Köln, DE) are adhesive transparent strips with 
dimensions of 2.00 × 1.95 cm and a thickness of 
0.1 mm. As collector foils, the strips can be used 
in combination with the Visiometer® SV600 or 
the Visioscan® VC98 camera, in order to  quantify 
the number, size, and area covered with fl akes, 
and the DI [  www.courage-khazaka.de    ]. The 
Visioscan® VC98 (UVA light source) can also be 
applied in vivo, producing images from which 
the degree of scaling can be scored [ 14 ]. 

 D-SQUAME® Skin Surface Sampling Discs 
are commercialized by CuDerm Corporation 
(Dallas, TX, USA). The diameter of these clear 
polymer discs is 2.2 cm (area of 3.8 cm 2 ). The 
sampling discs can be used in combination with 
the D-SQUAME® Skin Indicator, being an adhe-
sive sampling device with a dark background 
which allows quick estimation of dry skin fl akes 
[  www.cuderm.com    ]. 

 When a nondestructive method is preferred to 
determine the protein content of the collected SC 
samples, quantifi cation can be performed by 
infrared (850 nm) densitometry. The 
SquameScan™ 850A densitometer is commer-
cialized by Heiland electronic (Wetzlar, DE) and 
can be used with both D-SQUAME® discs and 
Corneofi x® strips. Compared to a colorimetric 
technique, it not only is time saving but also 
allows subsequent analysis of the strips, e.g., for 
enzyme activities. As described in the product 
information, infrared light prevents thermal 
denaturation of adhering molecules and effects of 
ambient light. As the measured diameter is 
1.5 cm, more than half of the tape strip area 
is being covered [  www.heilandelectroic.de    ]. This 
compact infrared densitometer has been vali-
dated by comparing the SC optical absorption 
with the extracted SC proteins. The optical 
absorption of SC tape strippings showed to be 
linearly proportional to their protein content, 
making this nondestructive technique a conve-
nient measuring tool. In addition, the method 
revealed to be sensitive enough to discriminate 
between SC samples collected from hydrated and 
less hydrated skin, making it also applicable for 
evaluating moisturizing products [ 32 ].   

25.3    Practical Applicability of the 
Corneofi x® F20 Technology 

 As stated in various review papers, there is no 
doubt that SC desquamation and hydration are con-
sidered to be relevant parameters in the evaluation 
of overall skin condition [ 6 ,  12 ,  27 ]. Increased 
water content in the upper layers of the skin 
undoubtedly results in a softer skin with a more 
pleasing appearance [ 4 ]. Manuskiatti and cowork-
ers could fi nd a signifi cant correlation between SC 
hydration and the quantity of scaliness, estimated 
from the DI when D-SQUAME® discs were being 
used [ 19 ]. However, making use of biophysical 
measurements, the expected negative correlation 
between both the SC hydration and scaliness 
should be interpreted with much care [ 23 ]. 

 Therefore, in order to understand the effi cacy 
of skin moisturizers, a comparative quantitative 
evaluation of the skin DI and capacitance values, 
measured at different skin sites of young and 
aging skin, was performed [ 9 ]. Adhesive 
Corneofi x® F20 strips – pressed on the skin 
(300 g/cm 2 ) for 10 s – were used for the collection 
of SC corneocytes and squames and quantitatively 
analyzed by a light transmission technique. 
Measuring devices were from Courage + Khazaka 
electronic GmbH (Köln, DE). The methodology 
used was validated earlier and checked for its 
applicability [ 8 ]. The specifi c settings of the appa-
ratus were optimized in relation to (1) shutter 
time; (2) calculation area with a default of 2 
(5.66 × 5.61 mm) – meaning the largest calcula-
tion area but still avoiding artifacts induced by 
borders and shadowing effects – and (3) basic 
gray level taking into account blank values. When 
applied on the ventral forearms of 15 healthy 
females (Fitzpatrick phototypes II–III, age range 
20–35 years old), squamometric measurements 
showed symmetry between corresponding test 
sites on both forearms. Consequently, in product 
application studies, one skin test zone can be used 
for treatment, while the corresponding side may 
serve as control area. Sequential in-depth strip-
ping showed signifi cantly decreased DI values, 
accompanied by increased capacitance levels. 
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However, no statistical difference could be 
observed between the DI values of the fi rst and 
second Corneofi x® sample, making comparisons 
possible before and after product application on 
the same test zone [ 8 ]. 

 Examples of Corneofi x® strips collected from 
young and aging skin, respectively, are given in 
Fig.  25.1 . Before strip application, visual grading 
of the test zone was performed making use of the 
scaling rating of the “specifi ed symptom sum 
score” SRRC (scaling/roughness/redness/cracks) 
system [ 28 ]. The median values of the visual 
scoring are given in Table  25.1 .

    The results of the biophysical measurements 
are shown in Fig.  25.2 . When comparing the dif-
ferent measuring sites in both populations, the 
following ranking for DI values could be found: 
EW > LLb > LLa > FA. Although a more scaly 
skin was visually assessed by the SRRC scoring 
system after the exposure to the acetone/ether 
solution (see Table  25.1 ), signifi cant differences 
for scaliness between LLa and LLb within one 
age group could not be statistically confi rmed 
using biophysical measurements. Also hydration 
measurements revealed no signifi cant differences 
between both conditions used for the lower leg. 

  Fig. 25.1    Examples of Corneofi x® strips (image taken by 
Visiometer® SV600) collected from young (mean age 
25 ± 4 years old) and aging skin (mean age 52 ± 2 years 
old), indicating the measured DI values. Measuring sites: 
elbow (EW), inner forearm (FA), and lower leg (LLa). 

The test site on the lower leg was also measured 10 min 
after 1 min exposure to acetone/ether 1:1 v/v (LLb). All 
samples were collected during a study period of 1 month 
in autumn to avoid seasonal variations         

EW (DI = 6.95) FA (DI = 0.65)

LLa (DI = 2.13) LLb (DI = 3.61)
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When comparing the capacitance measurements 
between both age groups, signifi cant differences 
were seen for LLa ( p  = 0.002, unpaired paramet-
ric  t -tests) with higher skin hydration values for 
the young participants. All other comparisons 
were not statistically different. These observa-
tions were confi rmed by published literature data, 
emphasizing that differences in skin hydration 

between age groups and the occurrence of xerosis 
are mainly observable at the lower legs [ 28 ].

   A Pearson correlation coeffi cient ( r ) was used 
to describe the correlation between DI and skin 
hydration. For some – but not all test sites – a 
signifi cant negative correlation could be found 
for hydration and scaliness measurements. 
However, these results should be interpreted with 
care, and they only indicate that skin hydration 
values increase when the DI decreases. This has 
been explained by the effect of fl aky corneocytes 
on the skin surface which disturb capacitance 
measurements of the lower SC layers [ 25 ]. In this 
respect, as shown in Fig.  25.3 , a somewhat stron-
ger linear regression was found for the younger 
group ( R  2  = 0.995) compared to the aged group 
( R  2  = 0.858) [ 9 ].

   Based on this limited set of results, the 
Corneofi x® technique revealed to be a useful 
method to defi ne skin desquamation. It can be an 
extra tool for claim support, providing objective 

    Table 25.1    Visual scaling scores (median values) as 
clinically assessed (SRRC),  n  = 15 for both populations 
(0 = absent, 1 = slight, 2 = moderate, 3 = severe, 4 = extreme)   

 Measuring sites 

 Skin type  EW  FA  LLa  LLb 

 Young skin  3  0  1  2 
 Aged skin  3  1  2  3 
 Signifi cance ( p  value)  NS  NS  0.009  0.005 

  Statistical signifi cance  p  < 0.05 (nonparametric Mann–
Whitney test and Wilcoxon signed-rank test) 
  NS  not signifi cant,  SRRC  scaling/roughness/redness/
cracks  

EW (DI = 8.56) FA (DI = 1.39)

LLa (DI = 2.79) LLb (DI = 5.27)

Fig. 25.1 (continued aging skin)
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evidence for the effi cacy of moisturizing 
 products applied under dry to very xerotic skin 
conditions.     

  Acknowledgments   The authors would like to thank 
Goedele Alaerts and Hayate Hajioui for their valuable 
practical assistance during skin measurements. Part of the 
described research work was supported by a grant of IWT-
Vlaanderen – Flemish Institute for the Promotion of 
Scientifi c-Technological Research in Industry.  

   References 

     1.    Agache P (2004) Metrology of the stratum corneum. 
In: Agache P, Humbert P (eds) Measuring the skin. 
Springer, Berlin/Heidelberg, pp 101–111  

    2.    Bashir SJ, Dreher F, Chew AL, Zhai H, Levin C, Stern 
R et al (2005) Cutaneous bioassay of salicylic acid as 
a keratolytic. Int J Pharm 292:187–194  

    3.    Berthaud F, Boncheva M (2010) Correlation between 
the properties of the lipid matrix and the degrees of 
integrity and cohesion in healthy human stratum cor-
neum. Exp Dermatol 20:255–262  

        4.    Black D, Boyer J, Lagarde JM (2006) Image analysis 
of skin scaling using D-Squame® samplers: compari-
son with clinical scoring and use for assessing mois-
turizer effi cacy. Int J Cosmet Sci 28:35–44  

     5.    Breternitz M, Flach M, Prässler J, Elsner P, Fluhr JW 
(2007) Acute barrier disruption by adhesive tapes is 
infl uenced by pressure, time and anatomical location: 
integrity and cohesion assessed by sequential tape 
stripping; a randomized, controlled study. Br J 
Dermatol 156:231–240  

16.00
D

es
qu

am
at

io
n 

in
de

x 
(%

) 14.00

12.00

10.00

8.00

6.00

4.00

2.00

0.00

40

35

30

25

20

S
ki

n 
hy

dr
at

io
n 

(a
.u

.)

15

10

5

0

EW FA LLa LLb

EW FA LLa LLb

Young skin Aged skin

  Fig. 25.2    Mean (± St. Dev.) DI values expressed in % 
(Corneofi x®F20/Visiometer®SV600) and hydration measure-
ments expressed in arbitrary units (a.u.) (Corneometer® 
CM825) of two different age groups (21–35 and 49–55 years 
old) with 30 healthy female volunteers (Fitzpatrick photo-
types II–III). Biophysical measurements were carried out in a 
climate- controlled room with a constant temperature of 
20.2 ± 0.4 °C and relative humidity of 45.9 ± 1.5 %       

10.00

9.00

8.00

7.00

6.00

5.00
R 2 = 0.9949

R 2 = 0.8582

4.00

3.00

2.00

1.00

0.00
0

Skin hydration (a.u.)

D
es

qu
am

at
io

n 
in

de
x 

(%
)

10 20 30 40

Young skin

Aged skin

Linear (young skin)

Linear (aged skin)

  Fig. 25.3    Regression analysis for 
DI (%) and skin hydration (a.u.)       

 

 

25 Biophysical Assessment of Skin Desquamation and Scaliness Using Tape Strips and Adhesive Discs



286

     6.    Byrne AJ (2010) Bioengineering and subjective 
approaches to the clinical evaluation of dry skin. Int J 
Cosmet Sci 32:410–421  

     7.    De Paepe K, Janssens K, Hachem JP, Roseeuw D, 
Rogiers V (2001) Squamometry as a screening 
method for the evaluation of hydration products. Skin 
Res Technol 7:184–192  

      8.   De Paepe K, Rogiers V (2005) Corneofi x F20® a new 
technology to defi ne skin desquamation. In: 
Conference proceedings ISBS world congress, 
Philadelphia, 28 Sept–1 Oct 2005  

     9.   De Paepe K, Rogiers V (2007) Comparative quantifi -
cation of stratum corneum scaling and hydration state 
in young and aging skin. In: Proceedings of the IFSCC 
conference, Amsterdam, 24–26 Sept 2007  

      10.    Dreher F, Modjtahedi BS, Modjtahedi SP, Maibach HI 
(2005) Quantifi cation of stratum corneum removal by 
adhesive tape stripping by total protein assay in 
96-well microplates. Skin Res Technol 11:97–101  

     11.    Escobar-Chávez JJ, Merino-Sanjuán V, López- 
Cervantes M, Urban-Morlan Z, Piñón-Segundo E, 
Quintanar-Guerrero D et al (2008) The tape-stripping 
technique as a method for drug quantifi cation in skin. 
J Pharm Pharm Sci 11:104–130  

     12.    Harding CR, Watkinson A, Rawlings AV, Scott IR 
(2000) Dry skin, moisturization and corneodesmoly-
sis. Int J Cosmet Sci 22:21–52  

     13.    Houben E, De Paepe K, Rogiers V (2007) A keratino-
cyte’s course of life. Skin Pharmacol Physiol 20:122–132  

     14.    Kim JH, Kim BY, Choi JW, Kim SO, Lee HS, Park KC 
et al (2012) The objective evaluation of the severity of 
psoriatic scales with desquamation collecting tapes 
and image analysis. Skin Res Technol 18:143–150  

     15.    Lademann J, Jacobi U, Surber C, Weigmann HJ, Fluhr 
J (2009) The tape stripping procedure evaluation of 
some critical parameters. Eur J Pharm Biopharm 72:
317–323  

        16.    Lambers H, Pronk H (2002) Biophysical methods for 
stratum corneum characterization. In: Förster T (ed) 
Cosmetic lipids and the skin barrier. Marcel Dekker, 
New York/Basel, pp 185–225  

     17.    Löffl er H, Dreher F, Maibach HI (2004) Stratum cor-
neum adhesive tape stripping: infl uence of anatomical 
site, application pressure, duration and removal. Br J 
Dermatol 151:746–752  

      18.    Maibach HI (2005) Stratum corneum adhesive tape 
stripping. In: Marks R, Matts P, Leévêque JL (eds) 
Stratum corneum: the vital structure. Stratum 
Corneum Group, Cardiff, pp 75–77  

    19.    Manuskiatti W, Schwindt DA, Maibach HI (1998) 
Infl uence of age, anatomic site and race on skin 
roughness and scaliness. Dermatology 196:401–407  

     20.    Marks R (2004) The stratum corneum barrier: the 
fi nal frontier. J Nutr 134:2017S–2021S  

    21.    Marttin E, Neelissen-Subnel MT, De Haan FH, Boddé 
H (1996) A critical comparison of methods to quan-
tify stratum removed by tape stripping. Skin 
Pharmacol 9:69–77  

     22.    Milstone LM (2004) Epidermal desquamation. 
J Dermatol Sci 36:131–140  

     23.    Piérard GE (1996) EEMCO guidance for the assess-
ment of dry skin (xerosis) and ichthyosis: evaluation 
by stratum corneum strippings. Skin Res Technol 
2:3–11  

     24.    Piérard GE, Piérard-Franchimont C, Saint-Léger D, 
Kligman AM (1992) Squamometry: the assessment of 
xerosis by colorimetry of D-Squame adhesive discs. 
J Soc Cosmet Chem 47:297–305  

     25.    Piérard-Franchimont C, Piérard GE (2002) Beyond a 
glimpse at seasonal dry skin: a review. Exog Dermatol 
1:3–6  

    26.    Piérard-Franchimont C, Piérard GE (2004) 
Cyanoacrylate skin surface stripping for visualizing 
stratum corneum structures and dynamics. In: Agache 
P, Humbert P (eds) Measuring the skin. Springer, 
Berlin/Heidelberg, pp 74–79  

       27.    Rawlings AV (2003) Trends in stratum corneum 
research and the management of dry skin conditions. 
Int J Cosmet Sci 25:63–95  

     28.    Serup J (1995) EEMCO guidance for the assessment 
of dry skin (xerosis) and ichthyosis: clinical scoring 
systems. Skin Res Technol 1:109–114  

      29.    Schatz H, Kligman AM, Manning S, Stoudemayer T 
(1993) Quantifi cation of dry (xerotic) skin by image 
analysis of scales removed by adhesive discs 
(D-squames). J Soc Cosmet Chem 44:53–63  

    30.    Simon M, Bernard D, Caubet C, Guerrin M, Egelrud 
T, Schmidt R et al (2002) Corneodesmosomal  proteins 
are proteolysed in vitro by both SCTE and SCCE – 
two proteases which are thought to be involved in des-
quamation. In: Marks R, Lévêque JL, Voegeli R (eds) 
The essential stratum corneum. Martin Dunitz, 
London, pp 57–61  

    31.    Tudela E, Lamberbourg A, Cordoba Diaz M, Zhai H, 
Maibach HI (2008) Tape stripping on a human nail: 
quantifi cation of removal. Skin Res Technol 
14:472–477  

       32.    Voegeli R, Heiland J, Doppler S, Rawlings AV, 
Schreier T (2007) Effi cient and simple quantifi cation 
of stratum corneum proteins on tape strippings by 
infrared densitometry. Skin Res Technol 13:242–251  

    33.    Watkinson A, Harding C, Moore A, Coan P (2001) 
Water modulation of stratum corneum chymotryptic 
enzyme activity and desquamation. Arch Dermatol 
Res 293:470–476  

    34.    Watkinson A, Smith C, Coan P, Wiedow O (2000) The 
role of pro-SCCE and SCCE in desquamation. IFSCC 
Magazine 3:45–49    

K. De Paepe et al.



287E. Berardesca et al. (eds.), Non Invasive Diagnostic Techniques in Clinical Dermatology, 
DOI 10.1007/978-3-642-32109-2_26, © Springer Berlin Heidelberg 2014

     Abbreviations 

   SC    Stratum corneum   
  TEWL    Transepidermal water loss   
  TS    Tape stripping          

26.1     Introduction 

 According to the defi nition found in the Merriam- 
Webster Dictionary, the verb “to strip” means “to 
remove covering, or surface matter from” [ 1 ]. In 
dermatological research the removal of the skin’s 
outermost layers has been used for decades [ 2 ]. 
In 1939, Wolf fi rst described the simple tech-
nique of (tape stripping) TS to get more informa-
tion about the morphological details of stratum 
corneum (SC) removed by strips [ 3 ]. The subse-
quent removal of the SC using adhesive tapes has 
emerged as a useful technique in many studies. 
This minimally invasive procedure can be used in 
both in vivo and in vitro studies, in humans and 
animals, e.g., mice, rats, guinea pigs, and pigs 
[ 4 ,  5 ]. It is useful in the study of:
•    The penetration and the storage of topically 

applied exogenous substances.  
•   The physiology of the SC.  
•   The sequential removal of parts of the SC as a 

model of standardized acute barrier disruption 
and barrier repair kinetics.  

•   Epidermal wound healing.  
•   The excretion of endogenous substances.    

 The SC is the outermost layer of the epidermis 
with a thickness of approximately 10–20 μm and 
consists of akaryotic corneocytes and intermedi-
ate bilamellar lipid layers. Approximately 90 % 
of the barrier function resides in the SC. The SC 
became “alive” over the last decades, and its 
understanding evolved from the simple two- 
compartment system (“brick-and-mortar” model) 
to a system with a regulated metabolic activity, 
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 Core Messages 

•     Tape stripping (TS) is a simple and effi -
cient method for the assessment of SC 
physiology and the quality and effi cacy of 
topically applied formulation on the skin.  

•   The major uses of TS include the study 
of the penetration and the storage of topi-
cally applied exogenous substances the 
physiology of the SC (integrity and cohe-
sion), epidermal wound healing, and the 
excretion of endogenous substances.  

•   The sequential removal of parts of the SC is 
used as a model of standardized acute bar-
rier disruption and barrier repair kinetics.  

•   Different variables infl uence the TS pro-
cedure and should be considered when 
performing the technique.    



288

its link to deeper part of the skin and ultimately as 
a biosensor for external factors to regulate, e.g., 
proteolytic activity, DNA synthesis, and lipid 
synthesis [ 6 ]. Previously considered as immuno-
logically inert, the residential cells of the epider-
mis (keratinocytes and corneocytes) can secrete 
preformed cytokines (i.e., interleukin-1 alpha) 
upon skin barrier disruption [ 7 ]. SC and its main 
components, i.e., the corneocytes, the intercor-
neal bilamellar lipids and the cornifi ed envelope 
(CE), are considered as the rate-controlling struc-
tures for the transcutaneous xenobiotic delivery 
[ 8 ,  9 ]. The dynamic evolution of the concept for 
SC structure and functions has been at least partly 
studied by the TS method.  

26.2     Tape Stripping Technique 

26.2.1     The Adhesive Tape 

 Different types of adhesive tapes can be used to 
perform effective TS procedure. There are sev-
eral commercially available such as D-SQUAME® 
(CuDerm Corp., Dallas, TX, U.S.A.) and 
Corneofi x® (Courage + Khazaka GmbH, Cologne, 
Germany). Furthermore, adhesive tapes used in 
household conditions such as Tesafi lm®, Scotch 
tape®, and others can be used especially when the 
main focus is barrier disruption. In addition, self-
prepared tapes with variable or fi xed length are 
also applicable. The skin tolerability to the 
selected tape should be proven in advance, e.g., 
no allergy to the adhesive could compromise the 
study. A uniform composition and distribution of 
the adhesive layer on the tape strip should be 
guaranteed. The properties, e.g., transparence 
and fl exibility, of the adhesive tape are deter-
mined by the study investigator in accordance 
with the defi ned requirements of the study.  

26.2.2     Test Site 

 The test site should be hair trimmed in advance in 
order to avoid the uneven adhesion of the tape to 
the skin surface. No shaving is advised as this 
could interfere with the SC by removing part of it. 
Scar tumor lesions on skin folds should be avoided. 
If investigating skin physiology, no application of 

skin care products and soaps to the test site is advi-
sory for a week or at least 24 h before the study 
enrollment, the so-called washout phase [ 10 ]. 
Marking the test site by skin marker is necessary to 
assure the application of the adhesive tape at the 
exact same site. Sometimes the mark on the skin 
must be renewed after removal of several strips. 

 The effect of the anatomical site was 
 investigated by measuring transepidermal water 
loss (TEWL) after TS and the assessment of the 
protein amount with the strips [ 11 ]: in regions 
with a thinner SC, such as the cheek, the water 
permeability barrier of the skin was vulnerable to 
sequential tape stripping, i.e., the inverse of 
TEWL values (1/TEWL) displayed linear corre-
lation to the removed thickness of SC. TS at the 
cheek and back leads to a faster increase of 
TEWL values than on the forearm and upper arm. 
After 22 strips, more protein was removed on the 
cheek compared to the forearm and upper arm 
but less compared to the back.  

26.2.3     Environmental Conditions 

 The effect of different environment-related vari-
ables such as room temperature and air relative 
humidity has not been challenged. However we 
believe that the general requirements for setting 
up a skin physiology study should be followed 
[ 12 ]. From a practical point of view, sweating 
resulting from high room temperature could hin-
der the dense contact of the adhesive tape to the 
skin. Therefore the procedure should be per-
formed in a climatized room with temperature 
18–21 °C and relative humidity of 40–60 %. 
Acclimatization time of the study volunteers – 
20–30 min prior to the fi rst strip – is advisory.  

26.2.4     Application of the Tape 

 The pressure used for adhering the tape on the 
skin surface is crucial for the procedure [ 10 ]. 
Different methods exist: (1) a constant weight, (2) 
a spatula, (3) thumb covered with a glove by 
pressing the tape gently in a circular movement 
and then again in a gentle sideways movement 
across the tape, and (4) by means of stamps which 
contain a spring providing constant pressure. In 
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addition a roller which reduces the infl uence of 
skin furrows could be used together with the stan-
dardized pressure method. On an adjacent site the 
skin should be stretched with three fi ngers before 
and during the application of the tape which was 
pressed onto the skin. Another protocol suggests 
the application of a roller for pressing the tape 
onto the skin. During the roller movement the 
skin is stretched so that furrows and wrinkles dis-
appear. The fi lm to be applied comes in contact 
with the fl at surface, thus enabling a homoge-
neous removal of the corneocyte layers. Using 
different methods makes the direct comparison 
between laboratories diffi cult. The pressure meth-
ods should be described in detail in the study pro-
tocol and the material and method section.  

26.2.5     Removal of the Tape 

 After pressing the tapes onto the skin, they are 
removed in one swift movement. Forceps should be 

used. A constant velocity should always be applied. 
A slowing down or stopping of the procedure could 
lead to an increase in the SC amount adhered on the 
tape strip, whereas an increase in speed could result 
in a decreased amount of corneocytes [ 11 ]. 

 After removal of the tapes, they are ready to 
be further investigated by different means: 
weighing, spectroscopy, and microscopy. The 
fi rst tape strips contain almost a complete cell 
layer of corneocytes and remnants of exogenous 
compounds, e.g., cosmetic products. With 
increasing the tape stripping number, the corneo-
cytes attached to the tape become less. In phar-
macokinetic studies, the fi rst tape strip is often 
discarded because it represents unabsorbed drug 
on the skin surface [ 13 ]. However, this amount is 
required to calculate the concentration of sub-
stance recovered within the SC when applying a 
defi nite dosage. In Fig.  26.1  the tape stripping 
procedure is presented, with a roll being used to 
press the tape unto the skin surface. Figure  26.2  
shows a microscopic image of the removed tape 

a b

c d

  Fig. 26.1    The tape stripping procedure comprises 
the following steps: homogeneous application of the 
 formulation ( a ), homogeneous distribution of the 

 formulation ( b ), pressing the tape strip unto the skin 
after an application time ( c ), and removing it with one 
quick move ( d )       
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strip, which contained amounts of corneocytes 
and parts of the topically applied substances, 
which had penetrated into this specifi c cell layer.

26.3          Variables Infl uencing 
the Procedure 

 A variety of factors can potentially infl uence the TS 
procedure. The effects of anatomical site, the 
 climate conditions, the material of the tape, and the 
applied pressure have been discussed above. Other 
factors normally infl uencing SC properties such as 
age, gender, circadian rhythms, and season have 
not been directly studied as variables affecting TS. 

26.3.1     Skin Microrelief 

 In general, the skin has an uneven surface with 
the prominent  area cutanea  and the concave  sulci 
interpapillares  (furrows). This situation is pre-
sented in Fig.  26.3  showing the skin surface 
structure imaged by noninvasive optical coher-
ence tomography. This can cause the removal of 
SC parts from different cell layers with one tape 
strip. This disadvantage can be compensated by 
using a pressing roller and an adhesive tape with 
high fl exibility. In addition, a swelling of the 
 tissue during the procedure of complete SC 
removal was observed resulting in a smoothing of 
the skin during in vivo experiments [ 14 ].

26.3.2        Effect of Topically Applied 
Formulation 

 Different amounts of SC can be removed with 
the fi rst tape strips in studies comparing differ-
ent topically applied vehicles [ 15 ]. The proper-
ties of the topically applied formulations have a 
strong infl uence on the amount of the removed 
SC. For instance, the application of an alcohol 
solution enhances the adhesion of the SC to the 
strips, while application of an oily formulation 
leads to a reduction of adhesion [ 16 ]. More 
strips are required to remove a comparable 
amount of the SC. Oily formulations are distrib-
uted homogeneously on the corneocytes, while 
in the case of an alcohol-based formulation, the 
solution is mainly located in the furrows and 
wrinkles.  

26.3.3     Occlusion 

 Evidence exists that occlusion infl uences the TS 
procedure. Both the amount of protein removed 
and the TEWL values after TS at occluded test 
site (24 h – Finn Chamber® with a fi lter paper 
disk soaked with distilled water) were signifi -
cantly higher than at the non-occluded corre-
sponding skin region [ 10 ]. Occlusion results in 
retention of water and causes degradation of 
intercellular proteins, mainly the corneodesmo-
somes [ 17 ]. After occlusion, it is easier to remove 
the tapes, and an increased amount of protein is 
removed per tape.   

  Fig. 26.2    Microscopic image of a tape strip showing that 
the tape is covered with corneocytes       

  Fig. 26.3    Skin surface structure analyzed by noninva-
sive optical coherence tomography       
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26.4     Examples of Practical Tape 
Stripping Applications 

26.4.1     SC Integrity and Cohesion 

 The integrity and cohesion of the SC can be inves-
tigated by adhesive tape methods. The number of 
tape strips required to induce a predefi ned degree 
of barrier disruption (e.g., to raise TEWL values 
to a certain level) is used to characterize the SC 
integrity [ 10 ]. On the other hand, the SC cohesion 
is evaluated by the amount of SC removed by 
sequential tape stripping. An increase of the 
removed mass indicates a decrease of the cohe-
sion of SC, and in the opposite, lower amount of 
SC removed with increasing tape number is due to 
the stronger cohesion between the cells in deeper 
SC layers. Generally the tape stripping removes 
cell layers maximally down to the glistening layer 
corresponding to approximately 90 % of the SC.  

26.4.2     Distribution of Topically 
Applied Substances 

 Both superfi cial distribution of topically applied 
substances on the skin surface and depth concen-
tration profi les can be assessed by TS. A good 
correlation was found between the amount pres-
ent in the SC 30 min after application of the drug 
(as estimated by tape stripping technique) and the 
urinary excretion over the next 4 days [ 16 ]. It was 
concluded that the method is useful in estimation 
of systemic exposure risk, although no precise 
data on the absorption rate of the substance can 
be established. A correlation was set between the 
levels of the drug estimated in the tape strips and 
the pharmacodynamic effect of topically applied 
drugs on the skin [ 18 ,  19 ]. Skin blanching effect 
is used to compare the potency of topically 
applied glucocorticosteroids. For topical 
 betamethasone dipropionate 0.05 % the increas-
ing amount of drug in the tape-stripped SC cor-
related with an increased skin blanching score 
[ 19 ]. Despite the promising results tape stripping 
has certain limitations in its use in bioavailability 
assays. Further efforts regarding the standardiza-
tion are needed to validate the tape harvesting as 

a method for the assessment of topical drug phar-
macokinetics [ 20 ].  

26.4.3     Ex Vivo Determination 
of the Protection Effi cacy 
of Sunscreens 

 The effect that the concentration and distribu-
tion of sunscreen formulation in the SC can be 
transferred to tape strips was used for the 
determination of a universal sun protection 
factor of sunscreens [ 21 ]. Cell layers of the SC 
are removed after application and penetration 
of sunscreens. The tape strips are measured in 
a special UV–Vis spectrometer. A correla-
tion of the homogeneity of distribution with 
the in vivo sun protection factor was con-
firmed [ 21 ].   

    Conclusion 

 TS is a generally safe and relatively noninva-
sive approach with multiple applications in 
dermatological research. Unifi cation and stan-
dardization of the methodology need to be 
implemented. Results should be interpreted 
carefully, and the effect of different instru-
ment-, subject-, and environment- related vari-
ables must be considered.     
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27.1            Tape-Stripping Technique 

27.1.1     Experimental Procedure 

 SC tape stripping is carried out by pressing an 
adhesive tape onto the skin surface and removing 
it by tearing off [ 1 ,  2 ]. Ideally, the tape is placed 
onto a previously defi ned skin surface area (e.g., 
marked by lines, mask) by applying a constant 
pressure (e.g., 100 g cm −2 ) using a weight or 
spring system over a constant and reproducible 
time period (e.g., 3–10 s; depending on adhesive 
tape). Afterwards, the tape is removed with a 
single continuous motion with forceps. The 
application and removal procedure may be 
repeated up to more than 100 times at the same 
site. Commonly used tapes for skin tape stripping 
are stationary tapes (e.g., Tesa® Film No. 57330-
00000- 02, Tesa, Germany), medical tapes (e.g., 
Transpore®, 3 M Co., USA), or for such a pur-
pose specially designed tapes (e.g., D-SQUAME®, 
CuDerm Inc., USA; Corneofi x®, Courage & 
Khazaka GmbH, Germany). Tapes differ in 
shape, size, composition, and adhesive proper-
ties. Following tape stripping, the solute con-
tained in the SC can be extracted and measured 
using appropriate analytical methods such as liq-
uid chromatography.  

27.1.2     Parameters Infl uencing 
SC Removal 

 Numerous parameters have been described to 
infl uence the amount of SC removed by a single 
tape strip. Differences in adhesive properties 
between tape brands will result in signifi cantly dif-
ferent amounts of SC removed per surface unit [ 3 ]. 
Pressure [ 4 ], time course between application and 
removal [ 5 ], as well as velocity of tape removal 
process [ 4 ] also infl uences SC amount removed. 
Additionally, SC removal can depend on intrinsic 
skin properties related to age, gender, ethnicity, 
skin region, and skin condition (e.g., moist vs. dry, 
oily vs. nonoily, healthy vs. pathologic). Moreover, 
the SC amount removed by tape stripping varies 
according to the depth. In general, the fi rst strips 
remove the largest amounts of SC because they 
remove the more loosely packed squamous cells. 
Decreasing amounts of SC are removed with 
increasing strips since the cohesiveness between 
corneocytes increases with depth [ 6 ]. In addition, 
application of topical products prior to tape strip-
ping further infl uences the amount of SC removed 
by sequential tape stripping [ 7 ]. For instance, the 
vehicle components may alter both adhesive prop-
erties of the tape, at least for the very fi rst strips, as 
well as cohesiveness between corneocytes.  

27.1.3     Quantifi cation of SC Removal 

 As described before, the amount of SC removed 
by tape stripping is variable and depends on how 
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the tape-stripping procedure is performed as well 
as on SC characteristics and conditions. As a 
consequence, the amount of SC removed by tape 
stripping is generally not proportional to the 
number of strips removed. The quantifi cation of 
the amount SC removed is therefore pivotal for 
the majority of studies involving tape stripping. 
The SC removal can be determined using various 
methods including weighing, protein quantifi ca-
tion, and optical methods. 

27.1.3.1     Weighing 
 For a long time, weighing was the method of 
choice to measure the amount of SC removed on 
a tape strip [ 8 ]. Thereby, tapes are weighted 
before and after stripping and the amount of SC 
is given by weight difference. High precision bal-
ances are required since a rather low amount of 
SC is removed per square centimeter of tape. 
However, weighing is time consuming and is 
biased by water absorption or desorption during 
the weighing procedure [ 8 ]. Furthermore, after 
topical product application, the weighing of SC is 
only reliable to some extent since the tape strips 
may also contain applied vehicle and active. 
Therefore, newer methods to help accurately 
quantify SC removal were introduced in the last 
years.  

27.1.3.2     Protein Quantifi cation 
 As an alternative to weighing, a simple colori-
metric method based on commercially available 
protein assays was fi rst described by Dreher and 
Maibach in 1998 [ 9 ]. Briefl y, the total protein 
assay (according to Lowry or Bradford) was car-
ried out after immersing the SC containing tapes 
in a one molar sodium hydroxide solution to 
extract the soluble SC protein fraction (SC is 
mainly composed of corneocytes fi lled with kera-
tins) and subsequently neutralizing the solution 
with one molar hydrochloric acid. The neutral-
ization was realized since the protein assays are 
not compatible with acidic conditions. The 
extracted SC proteins, or their hydrolysates, 
remain in solution after neutralization. This 
quantifi cation method allows determining as lit-
tle as a few micrograms of SC adhering to a sin-
gle tape strip in an accurate and reproducible 

manner. Furthermore, with the exception of 
 protein containing products and a few chemicals 
interfering with the protein assay, the absorption 
of active and product excipients into the SC after 
topical application does not interfere with this 
method. Importantly, the water content of the SC 
adhering to the tape strip has no infl uence on the 
colorimetric assay. Besides the D-SQUAME® 
tape, for which this assay has originally been 
developed, other tapes can be used and are com-
patible. Other than performing the protein extrac-
tion with each tape strip, the extraction can also 
be performed with pooled strips such as with fi ve 
strips, what allows to signifi cantly shortening the 
time of analysis. Alternatively, the protein assay 
can also be realized in 96-well microplates [ 10 ]. 

 When performing bioavailability studies, the 
above method is particularly suited for hydro-
philic chemicals, which are chemically stable 
under alkaline conditions. Hydrophilic chemicals 
can be easily extracted from the SC adhering to 
tape strips and can therefore be analyzed using 
appropriate analytic methods such as high- 
pressure liquid chromatography in parallel with 
the SC quantifi cation. However, this method may 
be less valuable for hydrophobic chemicals and 
for chemicals not stable under the SC extraction 
conditions. In that case, optical methods should 
be used to quantify the SC amount removed, fol-
lowed by the extraction of the solute from the 
tape strip using appropriate solvents.  

27.1.3.3     Optical Methods 
 One year later, Lademann and Weigmann pre-
sented a method based on the measure of UV/
VIS absorbance to determine the SC amount 
adhering on tape strips [ 11 ]. Unlike the method 
through protein quantifi cation, this technique 
does not require any treatment of the tapes. As a 
consequence, the entire tape strip remains intact 
and can be used for subsequent analysis includ-
ing solute extraction. In this method, SC determi-
nation is performed at 430 nm using a modifi ed, 
double-beam UV/VIS spectrophotometer with a 
1 × 1 cm light beam. The reference beam chamber 
contains an unused tape. The absorbance at this 
wavelength originates from light refl ection, scat-
tering, and diffraction by corneocyte aggregates 
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on the tape and was reported to correlate to the 
SC weight removed by tape stripping. However, 
this method has some disadvantages including 
the interference with chemicals absorbing in the 
wavelength range of corneocyte absorbance at 
430 nm. Additionally, potential changes in refl ec-
tion, scattering, and diffraction properties at 
430 nm of the SC due to uptake of water or oils 
after topical product application may further 
affect the outcome of the measure. 

 More recently, another optical and nonde-
structive method was presented by Voegeli and 
coworkers [ 12 ].    This method measures SC 
absorption with a diode-emitting light with a 
peak wavelength of 850 nm using a purpose- 
developed instrument (SquameScan™ 850A, 
Heiland Electronic GmbH, Germany). This 
method prevents thermal denaturation of biomol-
ecules, reduces light scattering of the tapes, 
reduces ambient light, and measures no molecu-
lar absorption of SC compounds.    Absorption 
data was shown to correlate with protein content 
on the tape and seemed to be less interference 
prone than pseudo-absorbance measurements in 
the visible light range at 430 nm, what empha-
sizes the validity of this newer near-infrared 
light- based method. In the meanwhile, this 
method was applied also for tape stripping on 
human [ 13 ] and porcine ear skin ex vivo [ 14 ,  15 ] 
as well as to determine the distribution of a drug 
within the stratum corneum [ 16 ].    

27.2     Summary and Conclusion 

 The application of tape-stripping technique is 
well established in dermatopharmacological 
research, and the technique is appreciated as the 
most useful method to remove SC allowing 
investigation of its structure, properties, and 
functions. However, despite apparent simplicity, 
the tape-stripping technique entails several tech-
nical problems and care has to be taken to avoid 
misleading conclusions when interpreting data. 
For instance, results given as a function of tape 
strip number or pooled tape strips have to be 
interpreted with care, since the amount of SC 
removed by tape stripping is generally variable 

and depends on numerous factors related to 
 tape- stripping procedure and SC properties. 
Therefore, SC removal by tape stripping should 
be quantifi ed with accurate and reliable methods. 
As compared to weighing, protein quantifi cation 
and optical methods represent more accurate 
methods. Consequently, those newer methods are 
valuable tools in the assessment of cutaneous 
bioavailability and the determination of 
 bioequivalence of dermatology drugs.     
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Abbreviations and Synonyms

AD Atopic dermatitis
BCA Bicinchoninic acid
BGG Bovine gamma globulin
BSA Bovine serum albumin
DNP Dinitrophenyl
IR Infrared
KLK Kallikrein
LEKTI Lympho-epithelial Kazal-type serine 

protease inhibitor
LLOQ Lower limit of quantification
NMF Natural moisturising factor
PCA 2-Pyrrolidone-5-carboxylic acid
SC Sratum corneum
TEWL Transepidermal water loss
UCA Urocanic acid
uPA Urokinase

28.1 Methods for Quantification 
of SC on Tape Strippings

For most investigations the determination of the 
amount of SC mass adhering to each tape strip-
ping is required as all SC analytes are reported 
as a ratio to the amount of SC collected to 
account for the amount of SC isolated. This not 
only allows the comparison between samples, 
i.e. amount of analyte per amount of SC, but 
also allows concentration profiling of endog-
enous and exogenous molecules with depth 
of the SC. Changes in SC levels are known 
for SC corneodesmosomal proteins [1, 2], 
lipids [1], NMF compounds [3] and enzymes 
[4–6] for instance. However, a nondestructive 
 determination of SC mass is a prerequisite to 
enable the measurement of other analytes on 
the same tape.

28.1.1 SC Protein Estimation  
by Gravimetric Analysis

Weighing of tape strippings for SC estimation 
is time consuming and laborious because the 
tapes have to be weighed with a sensitive 
microbalance before and after stripping under 
constant humidity conditions [7]. The average 
amount of SC removed reaches only approx. 
10–20 μg/cm2 tape in the topmost cell layers. 
However, the gravimetric method is compli-
cated by the presence of other analytes such as 
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sebum lipids, sweat components and any 
 components of topically applied creams or 
lotions. As a result more direct methods of pro-
tein determination have been used.

28.1.2 SC Protein Estimation by 
Colorimetric Analysis

Many workers have used colorimetric meth-
ods to determine SC protein levels from tape 
strippings [1, 2, 4–6] but Dreher et al. [7, 8] 
performed extensive studies on the subject 
reporting a well- defined linear relation between 
the amount of SC weighed for each tape strip-
ping and the quantity of SC determined by 
Bio-Rad DC protein microassay after extrac-
tion. Correlation coefficients (R2) higher than 
0.95 were obtained. Consequently many scien-
tists use protein determinations to quantify the 
amount of SC removed.

28.1.3 SC Protein Estimation by 
Pseudo-absorption at 430 nm

Weigmann et al. proposed a method for the 
 evaluation of the amount of SC on tape strippings 
based on determination of the pseudo-absorption 
of corneocytes [9]. The pseudo-absorption is 
influenced by absorption, scattering and reflec-
tion properties of corneocytes. It can be mea-
sured in the complete UV/VIS spectral range, 
but the signal decreases with increasing wave-
lengths. It was proposed to measure the pseudo-
absorption at a wavelength of 430 nm (Fig. 28.1), 
which is outside the UV absorption of most mol-
ecules and where sufficiently high intensities 
of the pseudo- absorption can be obtained. The 
spectroscopic measurements were performed 
with a special spectrophotometer, with a measur-
ing area of 1.5 cm2 enabling a reliable integra-
tion of the inhomogeneous distribution of the 
corneocytes on the removed tape strippings. The 
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 pseudo- absorption at 430 nm correlates with the 
weight of SC (R2 = 0.99), the protein absorption at 
278 nm (R2 = 0.92) and the absorption at 652 nm 
of trypan blue-stained proteins (R2 = 0.99) [9–14].

Lademann et al. also developed an optical 
device measuring pseudo-absorption at 430 nm 
of corneocytes on tape strippings while using 
an automated slide projector to routinely assess 
samples. The lamp of the slide projector was sub-
stituted by a halogen lamp and an interference 
filter (λ = 430 nm). A photodiode was positioned 
behind the lens system. The mechanical handling 
system of the slide projector was used to change 
between samples automatically. When compared 
with UV/VIS spectrophotometric measurements 
described above, a correlation coefficient of 
R2 = 0.97 was demonstrated [12], and with pro-
tein quantified with the Bio-Rad Protein Assay 
Kit, R was calculated as 0.86 [15].

28.1.4 SC Protein Estimation  
by IR Densitometry

28.1.4.1 Historical Background
The primary driving force for developing a novel, 
cheap, easy to use, high-throughput and nonde-
structive technique for the measurement of SC on 
tape strippings was our interest to investigate ser-
ine protease profiles in the SC as devices and 
techniques described in the literature did not 
completely meet our aims (Table 28.1).

The idea using densitometry for SC quan-
tification was born at the Gala Dinner of the 
Stratum Corneum Conference IV, in June 2004 in 
Paris together with David Miller (CuDerm) and 
Gary Grove (cyberDERM) after some glasses 
of enjoyable red wine. Following the confer-
ence we found, thanks to David, the small com-
pany Heiland electronic (Wetzlar, Germany) 
which designed and produced a first prototype 
of an IR densitometer according to our specifi-
cations within few months. A good correlation 
between the signal of the device and the protein 
mass resulting from a very first preliminary trial 
in July 2005 convinced us that we were on the 
right track. After a few small adaptations, the IR 
densitometer, named SquameScan 850A, was 

ready, and we presented on its use at the World 
Congress on Noninvasive Studies of the Skin in 
Wilmington, DE, USA, in September 2005.

28.1.4.2 Description and Specification
SquameScan 850A (Fig. 28.2) was developed 
for standard D-SQUAME® disks (CuDerm 
Corporation, Dallas, USA) with a diameter 
of 22 mm. SquameScan 850A has a compact 
design (weight: 1 kg, length × width × height: 
200 × 100 × 100 mm). The instrument is equipped 
with a diode-emitting light with a peak wave-
length of 850 nm which minimises any potential 
thermal denaturation of biomolecules. It also pre-
vents the influence of ambient light absorption on 
the measurement result, reduces light scattering 
of the tapes and measures no molecular absorp-
tion of SC compounds. A blank D-SQUAME® 
has a constant absorption level between 450 and 
850 nm (Fig. 28.1), and the curve progressions 

Table 28.1 Overview of common methods used for the 
determination of SC amount on tape strippings

Method Sources of errors

Gravimetry

Differential weighing Nonspecific weight increase 
due to sweat, lipids, 
formulation excipients

Optical methods

Protein absorption  
at 278 nm

Nonspecific absorption due 
to other substances at 278 nm

Pseudo-absorption  
at 430 nm

Nonspecific pseudo- 
absorption due to sweat, 
lipids, formulation 
excipients, absorption due to 
coloured substances

Trypan blue staining, 
absorption at 652 nm

Low sensitivity due to 
background colouring of 
tapes; low resolution of small 
differences in degree of 
coverage of the tape

Protein quantification

Colorimetric 
quantification of NaOH 
extractable protein  
by a Lowry, Bradford 
or BCA assay

Destructive, therefore 
determination of depth and 
concentration of penetrating 
drug on different skin sites; 
nonspecific reaction with a 
wide range of substances, 
e.g. penetrating drugs

Modified from [18]
Pseudo-absorption: decrease of transmitted light due to 
reflection, diffraction and scattering
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of the tape strippings are parallel and rather flat 
around 850 nm, proving the wavelength range 
around 850 nm useful for the intended applica-
tion. The measurement range of the SquameScan 
850A is 0–40 % absorption with a resolution of 
0.1 %. The diameter of the circular slit is 1.5 cm, 
corresponding to 1.8 cm2, which covers 45 % of 
the area of a standard D-SQUAME® disk. The 
disks are placed in an easily and user-friendly way 
adhesive side up, into a sample applicator. A con-
stant absorption value is reached 3 min after tape 
stripping. The sample applicator takes up to 10 
tapes allowing a fast determination. Moreover the 
sample applicator avoids contamination and mix-
ing up of the tape strippings during measurement 
and secures their alignment. Most recently sam-
ple applicators for Corneofix® tapes (Courage & 
Khazaka electronic GmbH, Cologne, Germany) 
have been developed [16].

The mean variation of absorption due to pos-
sible inhomogeneous distribution of corneo-
cytes on the tape strippings was 0.0040 ± 0.0016 
which corresponded to a mean percentage varia-
tion of 1.99 ± 0.66 %. This was determined by 

sampling the volar forearm and measuring the 
initial IR absorption followed by a second mea-
surement at a 90o angle. SquameScan 850A is 
calibrated by setting the absorption of an empty 
sample holder to 0 % absorption. The absorp-
tion of an ambient light filter provided for cali-
bration by the manufacturer should then give a 
reading of 33.8 %. The absorption of an empty 
tape is then subtracted from the signal from the 
SC stripping protein measurement to correct for 
background noise.

28.1.4.3 Correlation of IR  
Absorption as a Function  
of Colorimetrically 
Determined Protein Content

The protein content per tape stripping was deter-
mined with the Micro BCA Protein Assay Kit 
(Pierce Biotechnology Inc., Rockford, IL, USA). 
Initially we used bovine gamma globulin (BGG) 
as standard protein [16] because according to 
Fluhr et al. [17] it correlates best with human SC. 
However, recently we’ve compared BGG, bovine 
serum albumin (BSA) and human plantar SC 
extracts in the Micro BCA Protein Assay Kit. 
Before the protein assay the human plantar SC 
samples were dissolved for 1 h at 37 °C in 1 N 
sodium hydroxide. Interestingly the absorption 
of human plantar SC protein was 35 % smaller 
than the one of BGG and BSA (Fig. 28.3), which 
is similar to the data of Hahn et al. [18]. Obviously 
plantar SC protein shows a reduced protein reac-
tivity in the Micro BCA Protein Assay.

To evaluate the correlation between IR absorp-
tion and SC protein in different individuals, we 
enrolled 12 healthy Caucasian subjects (aged 
27–50 years, Fitzpatrick skin phototypes II–III, 
six females and six males) and took 20 sequential 
tape strippings from the volar forearm. The cor-
relation of IR absorption and protein curves was 
similar irrespective of tape stripping number. The 
overall correlation (n = 238) between IR absorp-
tion and protein content of forearm measure-
ments was R2 = 0.852 [16]. Although the data 
distribution in the different subject groups varied, 
the regression was always quite similar and inde-
pendent of gender, age, skin hydration rate, skin 
pH and varying skin areas. The correlations 

Fig. 28.2 The compact infrared densitometer Squame-
Scan 850A with an inserted sample applicator [16]
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reached were statistically significant. The linear 
regression for IR absorption as a function of pro-
tein content was y = 0.623x + 2.703 for BGG as 
the standard protein (Fig. 28.4) [16].

28.1.4.4 Lower Limit of Quantification
The lower limit of quantification (LLOQ) was 
introduced by Hahn et al. [18]. The LLOQ can be 
calculated from the fivefold background noise of 
an empty tape. They demonstrated that only neg-
ligible amounts of SC were left on the skin’s sur-
face when reaching the LLOQ of SquameScan 
850A. As the cumulative IR absorption of all tape 
strippings is related to the total SC thickness, the 
depth into the SC can be easily calculated from 
the sum of IR absorption (c.f. following para-
graph, Eqs. 28.1, 28.2, 28.3, 28.4, and 28.5) [19].

It was shown that IR densitometry is well 
suited for determining the endpoint of almost 
complete SC removal as it allows fast in-process 
monitoring of the results. Tape stripping does 
not completely remove all layers of the SC, it 
only removes the SC to the SC typically at the 

glistening layer. Consequently, this method 
allows for adjusting the total number of tape 
strippings that are performed for a single skin 
site during the experiment. Thereby, the SC 
depth profiles can be determined more accu-
rately [18].

28.1.4.5  SC Thickness and Depth 
Estimation and Calculations 
Using IR Densitometry

Boncheva et al. [20] estimated the depth within 
the SC reached by sequential tape stripping of 
the same skin site. They correlated the cumula-
tive amount of protein progressively removed 
by tape stripping and the SC thickness estimated 
from the confocal Raman water profiles collected 
after removing each tape. The linear correlation 
(R = 0.79) between these values indicates that the 
removal of 100 μg⁄cm2 protein corresponds to 
removal of 1.9 ± 0.2 μm from SC (Fig. 28.5).

Melero et al. [19] summarised SC thickness 
and depth calculations using IR densitometry as 
follows:

Plantar SC
y = 0.0111x – 0.0008
R 2 = 0.9981

BSA
y = 0.0171x – 0.0086
R 2  = 0.9985 

BGG
y = 0.0172x – 0.0041
R 2 = 0.9993
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Fig. 28.3 Calibration curves of human plantar SC extracts of five donors compared to BGG and BSA solution at 
550 nm using the Micro BCA Protein Assay
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Corrected absorption value for a single tape 
stripping:

 
x x xi i= −*

0  (28.1)

i: tape stripping number.
xi: IR absorption of a tape stripping and corrected 

for absorption of an empty tape.
xi

*: IR absorption measured, non-corrected value.
x0: IR absorption of an empty tape measured.

IR absorption value for pooled strippings:

 
xpool(n) = ∑ xi

i=h

j

 (28.2)

i: tape stripping number.
h: first stripping belonging to the nth pool.
j: last stripping belonging to the nth pool.
xpool(n): sum of IR absorption of pool n containing 

tape strippings h − j.
xi: IR absorption of ith tape stripping measured 

and corrected for empty tape.

Relative thickness of SC removed per pool:

 

d*rel(n)  =  xi / Xnmax  with Xnmax  

= xi

i=h

i=1

J

n

∑

∑
max

 
(28.3)

h: first stripping belonging to the nth pool.
j: last stripping belonging to the nth pool.
d*rel(n): relative SC thickness removed per pool n.
nmax: total number of tape strippings.
xi: IR absorption of ith tape stripping measured 

and corrected for an empty tape.
Xmax: IR absorption of total number of tapes nmax.

Absolute SC thickness of the nth pool:

 
d d  dn total rel n* • * ( )=

 (28.4)

d*n: absolute SC thickness of the nth pool.
dtotal: total SC thickness.
d*rel(n): relative SC thickness removed per pool n.

y = 0.6234x + 2.7034
R 2 = 0.8516
n = 238
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Fig. 28.4 Linear regression analysis of D-SQUAMES® obtained by 20 sequential tape strippings from the volar 
 forearm of 12 subjects based on BGG calibration curve [16]
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SC depth after nn pools of tape strippings:

 
d*n  = d*nn

n=
∑

1

nn

 (28.5)

d n n

* : SC depth after nn pools of tape strippings.
d*n: thickness of the nth pool.

28.2 Recent Applications Using  
IR Densitometry

Tape stripping is a minimally invasive technology 
that can broadly be used in dermatological 
research. In fact the process of tape stripping is a 
special type of superficial SC ‘biopsy’, which is 
very easily accessible. A colleague once men-
tioned: ‘tape stripping is like the work of archae-
ologists, instead of digging into the dirt you dig 

into the SC’. However, in contrast to  archaeologists 
who are unravelling history, skin biologists can 
use tape stripping to investigate not only the past 
but also the present time, and far better they some-
times open a window to the future.

IR densitometry enables a fast and convenient 
quantification not only of SC protein removed 
but also for SC depth determination, and thus 
depth profiling of endogenous and exogenous 
molecules can be followed as well as the end-
point determination for ‘complete’ SC removal. 
In the following we briefly review very recent 
papers using this technology.

28.2.1 Studies on Skin Penetration

As a result of the European REACH Programme 
(Regulation (EC) No. 1907/2006), in vitro skin 

y = a + bx
a = 998.35 ± 111
b = –53.892 ± 7.19
Pearson’s coefficient: 0.794
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Fig. 28.5 Estimation of the depth within SC reached 
by sequential tape stripping of the same site of five sub-
jects. Correlation between the cumulative amount of pro-
tein progressively removed by tape stripping and the SC 

 thickness estimated from confocal Raman water profiles 
 collected after removing each tape. The line is the best fit 
to the experimental points (Modified from [20])
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penetration studies are of special interest not 
only for drug administration authorities but also 
for evaluation of toxicological substances. In 
this context Hahn et al. [18] challenged 
SquameScan 850A for the first time for in vitro 
applications with human abdominal and breast 
skin obtained from plastic surgery and corre-
lated their measurements with optical micros-
copy observations. IR densitometry provided 
accurate depth results both for freshly excised 
skin and for skin stored frozen for up to 3 
months. Their results showed that IR densitom-
etry is also well suited for  determination of the 
endpoint for complete SC removal. This is 
important as it is not advisable to work with a 
fixed total number of tape strippings. The 
method allows the adjustment of the total num-
ber of tape strippings that is needed for remov-
ing the SC quantitatively of an individual skin 
sample. IR densitometry improves the quality of 
skin concentration-depth profiles.

Later Klang et al. [21] established calibration 
curves of SC proteins removed by tape strippings 
from the porcine ear skin. The IR absorption of 
SC protein on tape strippings was correlated with 
the protein content determined with the Micro 
BCA Protein Assay Kit (Pierce Biotechnology 
Inc.) after extraction of the tapes. The obtained 
linear regressions (n = 240) confirm that IR 
densitometry is suitable for the quantification 
not only of human but also of porcine SC pro-
teins. Correlation coefficients (R2) were 0.812 
for Corneofix® tapes (Courage & Khazaka) and 
0.732 for D-SQUAMES® (CuDerm). The pattern 
of protein removal observed with porcine SC dif-
fers from that of human SC, which necessitates 
specific evaluation of porcine SC samples and 
a working protocol that takes this into account. 
A comparison of the calibration curves showed 
that the slope of the presented porcine correla-
tions was less steep compared with the human 
curves. While human corneocytes are removed 
as a consistent layer of finely distributed cell 
aggregates, the porcine corneocytes are removed 
in large clusters or patches. In pig skin, the cells 
are organised in polygonal clusters or columns 
that comprise the whole of the epidermis and are 

 separated by intercluster regions or ‘canyons’ 
[22]. High protein density as primarily observed 
for the first tape strippings removed will therefore 
lead to comparatively  inhomogeneous protein 
coverage. The following adhesive films showed 
more homogeneous protein coverage. Tapes with 
lower adhesive power are therefore more suitable 
for IR densitometric analysis of porcine SC pro-
tein. It was shown that SquameScan 850A leads 
to satisfyingly accurate results for porcine ear 
skin despite significant protein clustering. The 
pseudo-absorption measured by IR densitometry 
was found to be suitable for quantification of 
corneocyte aggregates on individual tapes. The 
presented data will facilitate future analysis of 
porcine SC proteins during in vitro tape stripping.

Klang et al. [23] also performed comparative 
tape stripping experiments in which the skin pen-
etration of curcumin and fluorescein sodium 
from conventional microemulsions and hydro-
gels was investigated. The trends observed for 
the skin penetration into porcine ear skin were 
highly representative for the in vivo situation on 
human skin, confirming that the porcine ear is an 
excellent in vitro model for tape stripping experi-
ments. Moreover, the validity of the IR densito-
metric approach for the quantification of both 
human and porcine SC proteins was further con-
solidated from these studies.

Moreover, Melero et al. [24] investigated the 
release kinetics skin diffusion of nicotine from 
five different nortriptyline patches marketed for 
smoking cessation on heat-separated human epi-
dermis using Franz diffusion cells. The thickness 
of SC removed has been calculated using IR 
densitometry.

Based on their in vivo penetration studies of 
topically applied sunscreens (Parsol® 1789), mic-
roparticles and corticosteroids (clobetasol propi-
onate), Lademann et al. concluded that IR 
densitometry is well suited for the determination 
of the amount of corneocytes on tape strippings 
and that the most promising methods for the 
determination of the amount of corneocytes on 
the removed tape strippings are the analysis of 
the IR absorption at 850 nm and of the 
 pseudo- absorption at 430 nm [25].
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28.2.2 Determination of NMF Levels 
and Relationship with 
Filaggrin Mutations and 
Atopic Dermatitis

Carriers of loss-of-function mutations in the 
filaggrin gene have reduced levels of natu-
ral moisturising factor (NMF) in the SC. The 
concentration of NMF components which 
are formed from filaggrin proteolysis in the 
SC have been proposed to be a useful as a 
biomarker of the filaggrin genotype. Kezic 
et al. [26] investigated the levels of the NMF 
 components, 2-pyrrolidone-5- carboxylic acid 
(PCA) and urocanic acid (UCA) for subjects 
with the two most common filaggrin mutations 
(R501X and 2282del4). Tape-stripped SC 
was quantified with SquameScan 850A, and 
PCA and UCA were measured by HPLC after 
extraction of the tapes. The most significant 
difference between the filaggrin genotypes 
was found for PCA. The mean values of PCA 
were 0.18, 0.50 and 1.64 mmol · g−1 SC protein 
in homozygous, heterozygous and wild-type 
genotypes, respectively. Thus, the concentra-
tion of PCA in the SC collected by tape strip-
ping was shown to be a feasible biomarker of 
the filaggrin genotype.

As filaggrin gene loss-of-function muta-
tions have been shown to represent the stron-
gest so far known genetic risk factor for atopic 
dermatitis, Angelova-Fischer et al. [27] inves-
tigated SC integrity, SC cohesion and barrier 
recovery after controlled mechanical and irri-
tant-induced barrier abrogation of nonlesional 
and lesional skin of AD patients harbouring 
the European R501X, 2282del4, 3702delG, 
R2447X or S3247X FLG variants. SC integrity 
was assessed by measurement of transepider-
mal water loss (TEWL) and SC cohesion by 
quantification of removed protein following 
sequential tape stripping by IR densitometry. 
Tape stripping revealed distinct genotype-
related impairment of both SC integrity and 
SC cohesion. The results provide evidence for 
discernible filaggrin-related barrier integrity 
phenotypes in atopic eczema.

28.2.3 Determination of SC Protein 
Oxidation and Effect of UV 
Exposure

Protein carbonyl groups in the SC may be used 
as a biomarker for photo-stress of the skin. 
Date et al. [28] determined protein carbonyls 
by a sensitive optical technique based on sur-
face plasmon resonance. After SC collection 
by tape stripping and quantification by IR den-
sitometry, the protein carbonyls were reacted 
with 2,4- dinitrobenzenesulfonic acid dehydrate, 
and the quantity of dinitrophenylated (DNP) 
protein carbonyls was determined using an anti- 
dinitrophenyl (anti-DNP) antibody. The mass of 
DNP-protein carbonyl was measured using sur-
face plasmon resonance. A significant difference 
was observed in the ‘protein carbonyl/total pro-
tein’ ratio between the sun-protected area of the 
mid-ventral arm and the sun-exposed area of the 
upper cheek. The carbonylation ratio is suggested 
as a useful index of photo-stress of the skin.

28.2.4 Depth Profiling of Serine 
Protease Activities in the  
SC on Different Body Sites

We studied healthy Caucasian subjects in the win-
ter months of the year and compared SC cohe-
sion, SC hydration and TEWL with depth profiles 
of enzymatic activities of desquamatory serine 
proteases (trypsin-like and chymotrypsin- like 
kallikreins) and inflammatory serine proteases 
(plasmin-, urokinase- (uPA) and SC tryptase-
like proteases) on SC extracts of ventral forearm 
and facial tape strippings[6]. Although there was 
no difference in SC hydration, SC cohesion, as 
determined via IR densitometry (Fig. 28.6) [16], 
and TEWL together with protease activities were 
increased on the cheek (Table 28.2a, b). While 
desquamatory enzymes have 2.5–4 times greater 
activities, the inflammatory enzymes showed 7–8 
times more activity. Except for the chymotryp-
sin-like kallikreins, all tested protease activities 
positively correlated with TEWL and negatively 
with SC hydration [29]. On the  forearm all 
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 serine proteases showed a distinct gradient with 
highest activity in the outermost layers of the 
SC (Fig. 28.7), whereas on the cheek area the 
activity gradients were less distinct except for 
chymotrypsin-like kallikrein activity which, like 
the samples from the forearm, showed increased 
activation towards the surface layers of the SC. 
There was a greater trypsin-like kallikrein than 
a chymotrypsin-like kallikrein activity on both 
body sites.

Many authors [30, 31] have described that 
processing of kallikreins occur within early SC 
development. Conversely, using a sensitive 
approach, we have established that both trypsin- 
and chymotrypsin-like kallikreins show increased 
activities towards the surface layers of the SC on 
samples from the forearm skin. Similarly, 
Chang-Yi et al. have found higher chymotrypsin- 
and trypsin-like protease activities in the outer 
part of the SC [32]. Presumably, the processing 
of these enzymes is occurring much later than 
assumed by others. Similar activation processes 
can be observed for chymotrypsin-like  kallikreins 

on samples from the face, but on this body site, 
trypsin-like kallikreins seem to be activated con-
sistently throughout the inner and outer SC. 
Differences in the control mechanisms of activa-
tion of these enzymes may occur on these two 
different skin areas.

Although the subjects of our study had 
clinically normally looking facial skin, TEWL 
values were clearly above the values of the 
forearm (29 vs. 14 g · m−2 · h−1) indicating a bar-
rier disturbance (Table 28.3a). We propose that 
the elevated serine protease activities on the 
face are due to a subclinical micro-inflamma-
tory or pre- inflammatory condition induced, 
e.g. by environmental influences. Thus, serine 
proteases can be considered as key markers for 
underlying and sometimes non-observable skin 
abnormalities.

Reduced SC thickness, corneocyte size 
[33, 34] and maturity together with elevated 
SC cohesion and TEWL indicate that facial SC 
is composed predominantly of stratum com-
pactum which is probably due to increased 
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proteolytic activity which leads to premature 
 corneodesmosomal degradation. Facial skin is 
one of the most exposed skin sites of the body and 
is submitted to numerous environmental attacks 

for long  periods each day as it is not  protected by 
clothing. Paradoxically, facial skin is particularly 
sensitive because it possesses a thin epidermis 
and a thin SC [35].

Table 28.2 (a) Biometric 
data of the subjects and  
(b) SC serine protease 
activities on 9 consecutive 
tape stripping extracts  
of a healthy forearm  
and facial skin

(a)
Biometric data Forearm Cheek
Skin surface pH 4.75 ± 0.08 4.93 ± 0.04
SC hydration [DPM] 104 ± 4 110 ± 3
TEWL [g · m-2 h-1] 13.5 ± 0.9 28.6 ± 2.8*
SC cohesion [μg protein cm−2], 
9 tape strippings

28.5 ± 4.0 21.0 ± 4.0*

(b) Protease activity [μU/mg SC 
protein]

Serine protease Forearm (F) Cheek (C) Factor C/F
Trypsin-like kallikreins 3.20 ± 0.47 12.05 ± 1.57* 3.8
Chymotrypsin-like kallikreins 1.45 ± 0.35 3.77 ± 0.48* 2.6
SC tryptase-like 1.62 ± 0.58 13.44 ± 1.50* 8.3
Plasmin-like 1.39 ± 0.29 9.91 ± 1.25* 7.1
Urokinase-like 0.92 ± 0.16 6.99 ± 1.31* 7.6

Modified from [6]
Mean ± SEM; n = 14 per group
*p <0.01 for cheek vs. forearm
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28.2.5 Serine Protease Profiling in 
Acute Eczematous Atopic Skin

Atopic dermatitis (AD) is a chronic inflammatory 
disease associated with changes in SC structure 
and function. Paradoxically, the barrier may be 
less functional both due to a thickening and a 
thinning of the SC. The breakdown of epidermal 
barrier function in AD is associated with changes 
in corneocyte size and maturation, desquamation, 
lipid profiles together with their packing states 

and some protease activities. In this latter respect, 
changes in the expression and activities of serine 
proteases in the skin have been reported in epi-
dermal samples taken from subjects with 
AD [36–40].

We have compared physiological changes in 
acute eczematous lesional skin of AD patients 
with nonlesional AD skin and skin of healthy 
subjects on ventral forearms and determined 
protease mass levels (KLK5, KLK7, KLK11, 
KLK14, plasmin and uPA) and enzyme activities 

Table 28.3 (a) Biometric data of the subjects; (b) SC serine protease mass and (c) activities on 15 consecutive tape 
stripping extracts of healthy (H), nonlesional (NL) and lesional (L) atopic dermatitis skin

(a)
Biometric data Healthy Nonlesional Lesional
Local SCORAD 0.0 ± 0.0 0.2 ± 0.4 7.0 ± 1.2
Irritation score 0.0 ± 0.0 0.0 ± 0.0 5.8 ± 1.8
Mexameter data 203 ± 60 162 ± 30 323 ± 73*
Skin surface pH 6.1 ± 0.7 6.4 ± 0.7 6.0 ± 0.4
SC hydration [AU] 29.6 ± 3.2 26.9 ± 5.0 13.4 ± 1.5*
TEWL [g · m−2 h−1] 
before tape stripping

8.2 ± 1.9 12.5 ± 3.4 41.8 ± 9.5*

TEWL [g · m−2 h−1] 
after 20 tape strippings

34.9 ± 5.5 27.3 ± 6.9 81.3 ± 7.1

SC thickness [μm] 17 ±1.13 20 ±2.84 10 ±1.80*
SC cohesion  
[μg protein cm−2],

20.8 ± 1.4 17.8 ± 2.6 7.2 ± 1.7

20 tape strippings
(b) Protease mass [ng protease/mg SC protein]
Serine protease Healthy Nonlesional Lesional Factor L/H Factor L/NL
KLK5 (trypsin-like) 234 ± 69 151 ± 34 190 ± 75 0.8 1.3
KLK7 (chymotrypsin-like) 21.9 ± 5.2 18.3 ± 3.9 62.0 ± 26.0 2.8 3.4
KLK11 (trypsin-like) 7.18 ± 0.80 7.20 ± 1.07 29.0 ± 9.7** 4.0 4.0
KLK14 (trypsin- and 
chymotrypsin-like)

0.26 ± 0.11 0.28 ± 0.12 0.21 ± 0.09 0.7 0.8

Plasmin 0.54 ± 0.14 1.09 ± 0.41 45.0 ± 10.7** 83 41
Urokinase 0.036 ± 0.007 0.040 ± 0.010 0.052 ± 0.018 1.4 1.3
(c) Protease activity [μU/mg SC protein]
Serine protease Healthy Nonlesional Lesional Factor L/H Factor L/NL
Trypsin-like kallikreins 1.40 ± 0.27 1.26 ± 0.25 7.29 ± 1.48** 5.2 5.8
Chymotrypsin-like 
kallikreins

0.84 ± 0.18 0.42 ± 0.09 1.62 ± 0.28* 1.9 3.8

SC tryptase-like 0.71 ± 0.29 0.87 ± 0.32 39.4 ± 10.8* 55 45
Plasmin-like 0.53 ± 0.11 1.22 ± 0.34 36.4 ± 10.4* 69 30
Urokinase-like 0.40 ± 0.13 0.46 ± 0.12 3.25 ± 0.75* 8.1 7.1
Leukocyte elastase-like 0.01 ± 0.01 0.16 ± 0.16 3.13 ± 1.45* n.a. n.a.

Modified from [37]
Mean ± SEM; n = 6 per group
*p <0.05; **p <0.01 for L vs. H
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on 15 consecutive tape strippings together with 
traditional bioinstrumental approaches and IR 
densitometry [37, 40]. While TEWL levels were 
elevated before and after tape stripping in 
lesional skin compared with nonlesional and 
healthy skin, the amount of SC removed by 
sequential tape stripping was decreased in 
lesional skin, indicating increased intracorneo-
cyte cohesion. By correlating reciprocal TEWL 
values and the amount of SC removed [41], we 
estimated a significantly thinner SC in lesional 
atopic skin compared with both nonlesional and 
healthy skin (Table 28.3a).

We observed that there were little if no differ-
ences in the mass levels of KLK5, KLK14 and 
uPA between healthy, nonlesional and lesional 
skin. However, the absolute KLK5 mass levels 
extracted from the tape strippings were large, 
whereas KLK14 and uPA levels were very low 
and close or even at detection limit. Moreover, 
there was a trend of increasing KLK7 levels 
(3×), and the levels of KLK11 (4×) and plasmin 
(83×) were significantly elevated in lesional skin 
(Table 28.3b). Although mass levels of serine pro-
teases tended to be higher in the deeper SC layers 
for lesional skin, there was no change in the mass 
levels of any enzyme measured with increasing 
depth from either nonlesional or healthy skin 
(data not shown). Unfortunately we did not suc-
ceed to establish useful antibody constructs for 
leukocyte elastase, tryptase and KLK8. KLK8 
has been of interest as it has been suggested to 
be involved in pathogenesis of inflammatory skin 
diseases [42].

In contrast to the measurements on the lev-
els of protease mass, the enzyme activities of all 
the tested SC serine proteases were elevated in 
lesional skin (Table 28.3c). The order compared 
to healthy skin was plasmin (69×), SC tryptase- 
like enzyme (55×), uPA (8×), trypsin-like kal-
likreins (5×) and chymotrypsin-like kallikreins 
(2×). Leukocyte elastase showed considerable 
activity in lesional skin indicating an infiltra-
tion of neutrophils, whereas in the SC samples 
from nonlesional and healthy skin, no activity 
was found. Analysing these enzymes with depth 
showed increased extractable protease activ-
ity towards the surface of the SC in nonlesional 

and healthy skin, while conversely, the activities 
of inflammatory proteases were elevated in the 
deeper layers of lesional SC, whereas the des-
quamatory proteases showed no obvious gradient 
(data not shown).

The mass levels of KLK14 in lesional skin 
were very low and not elevated compared with 
nonlesional or healthy skin. These results would 
suggest that the increases in SC chymotrypsin- 
like kallikrein activity we observed were prob-
ably due to the increased mass levels of KLK7 
(Table 28.3b, c) [31, 43]. As we did not mea-
sure the mass levels of all SC trypsin-like kal-
likreins and did not observe increased KLK5 
mass levels in lesional skin, other trypsin-like 
kallikrein activities are probably contributing to 
the increased SC trypsin-like kallikrein activity. 
KLK11 would appear to be a candidate but not 
KLK14.

For the first time we report greatly increased 
mass levels and activity of plasmin in SC extracts 
from atopic patients with acute eczema. The cor-
relation between mass levels and activity was sta-
tistically highly significant (R2 = 0.822, p = 10−5). 
uPA, the major plasminogen activator, was found 
to be present at very low concentration within 
the studied SC layers although uPA-like activity 
levels were increased in lesional skin. This fact 
raises the question: is plasminogen activated at 
the basal layer only by uPA/uPAR or are there 
other plasminogen activators than uPA within 
the SC such as KLK5 [44]? Not much is known 
about the interaction of desquamatory kallikreins 
and proteases of the thrombostasis axis. However, 
Yoon et al. [45] demonstrated the potential for 
important regulatory interactions between these 
two major protease families. It is hypothesised 
that activation of proKLK7 and/or proKLK11 by 
plasmin in AD and vice versa may occur and that 
these KLKs may play a role in the inflammatory 
cascade in AD.

As there exists a discrepancy between protease 
mass levels and the corresponding enzyme activi-
ties, the following may explain the reasons why 
[1]: that antibodies do not differentiate between 
inactive zymogen, active protease and inactive 
protease/inhibitor complex and [2] that enzyme 
substrates may exhibit a certain unspecificity.
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The reason for the increased protease mass 
levels and activities in AD is not known. The 
study results imply that there is insufficient 
amount of LEKTIs (lympho-epithelial Kazal- 
type serine protease inhibitors), or any other 
inhibitor, to inhibit the elevated protease activity 
in chronic lesions [46]. Increased expression may 
occur due to kallikrein gene polymorphisms such 
as those reported for KLK7 by Vasilopoulous 
et al. [47]. Also barrier perturbation can lead to 
increased inflammatory protease levels, e.g. uPA 
after tape stripping the SC of a mouse model of 
AD [48]. We have shown SC protease activities 
are also increased in barrier-compromised condi-
tions even in non-diseased skin such as the face 
[6, 29]. However, we did not observe any 
impaired barrier function or increased serine pro-
tease activity in nonlesional skin sites, implying 
that the impairment of barrier function is not 
intrinsic in subjects with AD as has been reported 
by Kikuchi et al. [49].

The question remains, do these elevated prote-
ase levels impair SC or epidermal functioning? 
Statistically significantly increased irritation, 
increased TEWL and decreased hydration levels 
were found in lesional skin. It is highly likely that 
the elevated levels of serine proteases in patients 
with active lesions were contributing to their 
apparently thinner SC. The increased cohesion in 
the remaining SC probably indicates that the des-
quamation is occurring above the stratum com-
pactum and not at the stratum compactum/
stratum granulosum interface. The thinning of 
the SC in atopic eczema was established using IR 
densitometry for the first time.

Conclusion

IR densitometry is an easy to use and nonde-
structive technique for the convenient mea-
surement of the optical absorption of SC tape 
strippings which has been shown to be linearly 
proportional to their protein content. Thus the 
corresponding SC densitometric-protein or 
SC weight content calibration curves can be 
used for a fast indirect evaluation of tape strip-
pings. As this is a nondestructive method, the 
unmodified tapes can then be used for further 
investigations. Absorption measurement of 

tape strippings in the IR range (850 nm) seems 
to be less interference prone than pseudo-
absorbance measurements in the visible light 
range at 430 nm. It is also easier to perform 
than gravimetrical tape stripping evaluation. 
The method is of tremendous value to 
researchers using tape stripping in both in vivo 
and also in vitro applications. Although 
SquameScan 850 is an indirect measure for 
SC proteins leading to semi-quantitative data, 
its advantages are in its speed of analysis and 
its nondestructive nature. However, even 
though there are indications that the data dis-
tribution in different subject groups is quite 
similar, the variation of data in more heteroge-
neous study populations in context of age, 
body area, race and different skin conditions 
and diseases remains to be investigated.
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29.1            Introduction 

 The human skin possesses a complex structure 
and various functions which ensure the entity 
between the organism and the environment. 
Mechanical properties of the skin are of major 
importance for its protective function. They vary 
in accordance with age, sex and body sites, in 
some physiological and pathological skin condi-
tions, and change due to different external and 
therapeutic infl uences. Considerable progress in 
the quantifi cation of the skin mechanical func-
tions had been achieved for the past 20 years 
through the introduction of modern non-invasive 
bioengineering methods and devices which pro-
vide the researchers with objective, quantitative, 
sensitive and reproducible measurements in vivo. 

 The Cutometer® (Courage + Khazaka Electronic 
GmbH, Cologne, Germany) is a well-recognized 
commercial device for measurement of the bio-
mechanical properties of the skin. In this chap-
ter, based on our own experience and review of 
the literature, we aimed to present the practical 
application of the Cutometer® method.  

29.2     Measuring Equipment 
and Principle 

29.2.1     Equipment 

 The Cutometer® is designed as separate or com-
bined device.
    1.    The Cutometer® SEM 575 (Fig.  29.1 ), which 

is the successor of the Cutometer® SEM 474, 
is an independent device that includes two 
basic parts [ 7 ,  9 ,  40 ,  70 ].
•     Main unit, a metal housing containing 

vacuum pump with pressure sensor and 
microelectronics. The load of the vacuum 
(negative air pressure), the rate of its 
increase or decrease, the duration of suc-
tion (on time) and relaxation (off time) 
and the number of measuring cycles dur-
ing one measurement can be defi ned 
through the Cutometer® software. The 
resolution of applied pressure is equal to 
1 mbar.  

•   Measuring probe, a handheld probe con-
taining suction head, optical measuring 
system and microelectronics. The suction 
head is centred in the probe and has a stan-
dard circular aperture of 2-mm diameter 
(test area of about 3 mm 2 ). Optional probes 
with apertures of 4, 6 and 8 mm are avail-
able on request. The measuring system 
inside the probe head is noncontact and 
consists of a light source (light-emitting 
diode) and a light recipient, as well as two 
opposing glass prisms, which project the 
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light from emitter to recipient. The changes 
of the infrared light beam intensity during 
the measurement are converted into milli-
metres (from 0 to 3.0 mm) and calculated 
with a resolution equal to 2 μm. The mea-
suring probe is connected to the main unit 
through an air tube and an electric cable. 
During the measurement, it is held perpen-
dicularly to the skin surface under constant 
pressure ensured (provided) by an elastic 
spring. The calibration data are stored in 
the memory of each probe which allows 
fast and easy exchange of probes with dif-
ferent apertures.      

   2.    The Cutometer® MPA 580 (Fig.  29.2 ), that is 
currently available, combines the vacuum box 
for the Cutometer® with the built-in Sebumeter 
SM 815 and modular Multi Probe Adapter 
System which makes possible to connect up to 
4 additional measuring probes as well as an 
ambient condition sensor. The Cutometer® 
Dual MPA 580 (Fig.  29.3 ) is the last genera-
tion device that allows the connection of two 
Cutometer® probes (with different diameters) 
at the same time.

29.2.2             Principle 

 The measuring principle of the Cutometer® is 
based on a suction method that consists of the 
measurement of vertical deformation of the skin 
surface after application of vacuum (Fig.  29.4 ) 
[ 7 ,  9 ,  40 ,  70 ].

   A defi ned negative air pressure is applied per-
pendicular to the skin through the opening of the 
probe for a selected time period. The evaluated 
skin surface is sucked into the aperture of the 
probe, and the resulted vertical deformation is 
measured by the optical measuring system inside 
the probe. The changes of light intensity are pro-
portionally related to the penetration depth of the 
skin and are displayed on the monitor as curves 
in a coordinate system (extension/time or pres-
sure/extension).   

29.3     Software 

 The Cutometer® is designed for operation with an 
IBM-compatible PC via USB port. The last ver-
sion of the Windows software allows storage of 
various data regarding the volunteer, date and 
time of experiment, skin area, external tempera-
ture and relative humidity, type of probe used and 
mode of measuring technique. The obtained 

  Fig. 29.1    Cutometer® SEM 575 (With permission from 
Courage and Khazaka GmbH, Cologne, Germany)       

  Fig. 29.2    Cutometer® MPA 580 (With permission from 
Courage and Khazaka GmbH, Cologne, Germany)       

  Fig. 29.3    Cutometer® Dual MPA 580 (With permission 
from Courage and Khazaka GmbH, Cologne, Germany)       
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results are automatically calculated and displayed 
as curves and values [ 56 ]. 

 The Cutometer® measuring cycle consists of 
suction phase and relaxation phase. It can be 
applied once or several times. The following 
parameters of the measurement can be exactly 
defi ned by the software:
•    Pressure. The load of the air-negative pressure 

(vacuum) can be chosen between 20 and 
500 mbar.  

•   Rate. The rate of increase or decrease of the 
air-negative pressure can be selected between 
10 and 100 mbar/s.  

•   On-Time. The time when the air-negative 
pressure is applied (suction interval) can be 
chosen between 0.1 and 60 s.  

•   Off-Time. The time when the air-negative 
pressure is applied no longer (relaxation inter-
val) can be chosen between 0.1 and 60 s.  

•   Repetition. The number of measuring cycles 
(suctions) included in one measurement can 
be varying between 1 and 99.  

•   Pre-Time. This function allows setting a short 
interval between pressing the start key and the 
beginning of the measurement.  

•   Preconditioning Time. This function allows 
(in the strain–time mode) to pretension the 
skin by applying a preliminary suction during 
a short time (0.1 s) before the real measure-
ment is carried out.    
 The most used settings include air-negative 

pressure between 400 and 450 mbar, on-time and 
off-time intervals between 2 and 5 s and repeti-
tions between 1 and 10. 

29.3.1     Measuring Techniques 

 There are two measuring techniques available 
[ 7 ,  9 ,  56 ]:
    1.    In the strain–time mode, the deformation of the 

skin (in millimetres) is showed as a function of 
time (in seconds). This mode is mostly used in 
research studies.   

Probe opening, in which the
skin gets sucked in

Beam of light
(receiver)

Beam of light
(transmitter)

1. Direction of the beam of light
2. Optical lenses
3. Skin
4. Probe opening
5. Direction of suction

Probe on the skin without
pressure

Because of the vacuum pressure the skin will be 
absorbed into the probe opening; the beam of light 
changes.

1

5

2

3

4

  Fig. 29.4    Schematic view of the measuring system within the Cutometer® probe [ 56 ] (With permission from Courage 
and Khazaka GmbH, Cologne, Germany)       
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   2.    In the stress–strain mode, the deformation of 
the skin (in millimetres) is showed as a func-
tion of the vacuum (in millibar).    

29.3.2       Measuring Modes 

 There are four measuring modes available based 
on different combination of the measurement 
parameters [ 7 ,  9 ,  56 ]. 

29.3.2.1     Mode 1: Measurement 
with Constant Negative 
Pressure (−) 

 The measurement cycle consists of suction and 
relaxation phases. During the fi rst phase, the skin 
is drawn into the probe with constant negative 
pressure set under “Pressure” within the interval 
set under “On-Time”. In the second phase, the 
negative pressure is switched off, and the relax-
ation of the skin is determined within the interval 
set under “Off-Time”. With the command “Repe-
tition”, the number of measuring cycles can be 
chosen. The skin deformation is displayed as a 

function of time (Fig.  29.5 ). The measurement 
mode 1 is most important and is predominantly 
used for research studies in the fi eld of dermatol-
ogy and cosmetics.

29.3.2.2        Mode 2: Measurement 
with Linear Increase and 
Linear Decrease in Negative 
Pressure (/\) 

 The measurement cycle consists of three 
phases. At the start, the negative pressure is 
zero. During the fi rst phase, the skin is drawn 
into the probe with linearly increasing negative 
pressure set under commands “Pressure” and 
“Rate” in the menu “Parameter”. This phase is 
succeeded by linearly decreasing negative pres-
sure. In the last phase, the skin properties are 
evaluated when no negative pressure is applied 
for an interval set under “Off-Time”. With the 
command “Repetition” the number of measur-
ing cycles can be chosen. The skin deformation 
can be displayed both as a function of time 
(Fig.  29.6a ) and as a function of negative 
 pressure (Fig.  29.6b ).
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29.3.2.3        Mode 3: Measurement 
with First Constant and Then 
Linear Decrease in Negative 
Pressure (−\) 

 The measurement consists of one measuring 
cycle which combines the fi rst phase of mode 1 
and the second phase of mode 2. The “On-Time” 
can be selected, whereas the “Off-Time” results 
from the selected “Pressure” and “Rate”. A relax-
ation time (here “Off-Time”) cannot be set as 
repetitions due to the combination of full pres-
sure and slight release are impossible. The skin 
deformation is displayed as a function of time 
(Fig.  29.7 ).

29.3.2.4        Mode 4: Measurement with a 
Linear Increase in Negative 
Pressure and Then a Sudden 
Cessation of the Negative 
Pressure (/) 

 The measurement consists of one measuring 
cycle which combines the fi rst phase of mode 2 
and the second phase of mode 1. The “On-Time” 
results from the selected “Pressure” and “Rate”, 
whereas the “Off-Time” can be set. A repetition 

is impossible due to the combination of slightly 
increasing pressure and full release. The skin 
deformation is displayed as a function of time 
(Fig.  29.8 ).

   In the literature measuring modes 2, 3 and 4 
have no signifi cance. There are few studies using 
measuring mode 2. According to Dobrev [ 18 ], 
the application of measuring mode 2 does not 
provide any advantage and only burdens the vac-
uum pump of the device.   

29.3.3     Skin Mechanical Parameters 

 The new version of Cutometer® MPA 580Q 
 software (v.1.3.6.16) allows calculating three 
groups of skin mechanical parameters desig-
nated as “R-parameters”, “F-parameters” and 
“Q-parameters”. In addition, there is a possibility 
for advanced users to edit the calculation formula 
for “R-parameters” according to their needs [ 56 ]. 

 In this section, we describe in details the 
mechanical parameters derived from skin defor-
mation curves obtained using measurement 
mode 1. Most detailed information concerning 
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the mechanical parameters determined by mea-
surement modes 2, 3 and 4 can be obtained from 
the manufacturer’s Information and Operating 
Instructions for the Cutometer® [ 56 ]. 

29.3.3.1     Mode 1 (Single Strain–
Time Curve) 

   R-Parameters 
 The skin deformation curve obtained with 
Cutometer® includes two main parts generated 
during the suction phase and relaxation phase, 
respectively (Fig.  29.9 ). Each of them is com-
posed of rapid deformation representing an elas-
tic section, followed by a viscoelastic and fi nally 
a viscous section. These parts are designated as 
follows: immediate deformation (Ue), delayed 
deformation (Uv), immediate retraction (Ur) and 
delayed retraction (Ua–Ur). Values of Ue and Ur 
are taken at fi xed intervals of time, respectively, 
0.1 s after application of a suction and 0.1 s after 
removal of negative pressure [ 5 ,  7 ,  9 ,  56 ].

   Based on these parts, the Cutometer® software 
calculates automatically the following parameters:
   R0 = Uf, the fi nal deformation (skin distensibility 

or skin extensibility).  

  R1 = Uf – Ua, the residual deformation at the end 
of 1st measuring cycle (resilient distension).  

  R2 = Ua/Uf, the ratio of total retraction to total 
deformation, which is called gross elasticity 
of the skin, including viscous deforma-
tion = gross elasticity, including viscous defor-
mation) (overall elasticity).  

  R5 = Ur/Ue, the net elasticity without viscous 
deformation.  

  R6 = Uv/Ue, the ratio between delayed and 
immediate deformation, which indicates the 
relative contributions of the viscoelastic plus 
viscous and the elastic distension to the total 
deformation (viscoelastic ratio, the ratio of 
viscoelastic to elastic distension).  

  R7 = Ur/Uf, the ratio of immediate retraction to 
the total deformation, which is called biologi-
cal elasticity (the ratio of immediate retraction 
to total distension).  

  R8 = Ua, the fi nal retraction after removal of the 
vacuum (total recovery of the skin).     

   F-Parameters 
 The software calculates two surfaces (“areas”) 
designated as F-parameters: (Fig.  29.8 )
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   F0 = the surface between the real curve and the 
value corresponding to the maximal deforma-
tion Uf when going from start of suction to 
cease of suction.  

  F1 = the surface between the real recovery curve 
and the value corresponding to the maximal 
recovery going from cease of suction to cease 
of measurement.     

   Q-Parameters 
 The Q-parameters are developed by the scientist 
Di Qu et al. [ 56 ,  83 ] and have recently been 
added in the calculation formula. They could 
only be obtained in mode 1 for an equal suction 
and relaxation time. To receive these parameters, 
two horizontal lines have to be spread at the 
graph – the fi rst one spreads through the highest 

point (R0), and the second one spreads through 
the infl exion point that is the point in time at 
which the recovery curve deviates from its initial 
linearity. At this point, the as QE and QR are 
divided (Fig.  29.10 ).

   The Q-parameters include:
   Q0 = the maximum recovery area, i.e. the area 

under the highest point (R0).  
  QE = the elastic recovery area of the skin.  
  QV = the viscous recovery area of the skin.    

 The parameters calculated by the Cutometer® 
software include:
   Q0 = Q0; the maximum recovery area, i.e. the 

area under the highest point (R0).  
  Q1 = QE/Q0; the elastic recovery of the skin.  
  Q2 = Q2 = QV/Q0; the viscous recovery of the 

skin.  
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  Fig. 29.9    Skin deformation curve obtained with CutoMPA 580. Aperture, 2 mm; suction time, 5 s, relaxation time, 5 s, 
repetition, 1       
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  Q3 = (QE + QV)/Q0; the total viscoelastic recov-
ery of the skin, i.e. overall skin elasticity.      

29.3.3.2     Mode 1 (Repetitive Strain–
Time Curve) 

 When repetitive suctions are applied, the subse-
quent curves are similar to the fi rst one. However, 
they are progressively shifted vertically upward 
as a consequence of the slow return of the skin to 
the original state (Fig.  29.11 ) [ 56 ].

     R-Parameters 
 The following additional parameters are calcu-
lated by the software:
   R3 = last maximum amplitude (last maximal 

deformation).  

  R4 = last minimum amplitude (last residual 
deformation).  

  R9 = R3 – R0, the difference in maximal skin 
deformation between the last and the fi rst suc-
tion called hysteresis (H).     

   F-Parameters 
 For curves taken in mode 1 with a minimum of 
10 repetitions, the software calculates three 
additional surface parameters (“areas”). For this 
purpose, the curves are wrapped with an “enve-
lope” function. Above and below the curves, 
the envelope curves appear as logarithmical 
average of maximum and minimum amplitudes. 
The F-parameters are designated as follows 
(Fig.  29.12 ):
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    F2 = area above the upper envelope curve (the 
surface between the real curve and the value 
corresponding to the maximal deformation R3 
after 10 cycles when going from start of suc-
tion to cease of the 10 cycles).  

  F3 = area within the envelope curves (the surface 
between the repetitive curves).  

  F4 = area below the upper envelope curve (the 
complete area, limited by the upper envelope 
curve).        

29.4     Use of Cutometer® 

29.4.1     Factors Infl uencing 
Measurements 

29.4.1.1     Probe Aperture 
 At a constant vacuum, the degree of skin defor-
mation (i.e. absolute parameters) directly corre-
lates with the aperture diameter of the measuring 
probe and inversely correlates with the skin 
thickness. When using identical vacuum, the val-
ues of the absolute parameters Ue, Uv, Uf, Ur 
and R measured with 2-mm diameter probe are 
lower compared to values measured with 8-mm 
diameter probe. The differences in the values of 
relative parameters Ua/Uf, Ur/Ue, Ur/Uf and 
Uv/Ue measured with both probes are minimal 
[ 5 ,  26 ,  74 ]. 

 The small aperture (2-mm diameter) measur-
ing probe determines the mechanical properties 
of the epidermis and partly of the papillary der-
mis. It is applicable at any anatomical region and 
is most appropriate for measurement of healthy 
skin and studying the changes after the applica-
tion of topical products. 

 The medium aperture (4- and 6-mm diameter) 
measuring probes determine the mechanical 
properties of the outer skin layers. 

 The large aperture (8-mm diameter) measur-
ing probe determines the mechanical properties 
of the whole skin (derma and hypoderma). It is 
appropriate for evaluation of skin diseases with 
predominantly changes in the dermis (systemic 
sclerosis, scleredema of Buschke, psoriasis, 

keloids and erysipelas). The use of 8-mm diame-
ter probe may be diffi cult for measurements at 
anatomic regions with thin and fl abby skin (i.e. 
medial surfaces of the arm in elderly individuals), 
skin over bones or convex areas (i.e., forehead, 
temporal region, chest, dorsum of the hand and 
phalanx) as well as at the presence of residual 
lipid fi lm on the skin surface shortly after the 
application of topical products [ 26 ,  30 ]. 

 We consider that the simultaneous use of at 
least two probes with different apertures, i.e. both 
2-mm and 8-mm probes, gives more complex 
information about the mechanical properties of 
the skin [ 26 ,  30 ].  

29.4.1.2     Pressure (Vacuum) 
 For a constant opening of the probe, the absolute 
mechanical parameters are directly correlated with 
the intensity of vacuum applied, whereas the rela-
tive parameters are less independent of load for 
most anatomical regions [ 5 ]. Cua et al. [ 12 ] have 
found that Ur/Uf and Uv/Ue tended to increase 
with increasing loads. According to Wickett [ 99 ], 
the application of 200 mbar of  vacuum leads to 
more sensitivity to moisturizing effects compared 
to 500 mbar of negative pressure.  

29.4.1.3     Test Site 
 Volar forearms are considered the most appropri-
ate test site generating reproducible measurement 
results using probes with different apertures. 
Signifi cant differences in the skin mechanical 
parameters between both forearms have not been 
established [ 26 ,  30 ].  

29.4.1.4     Measurement Scheme 
 The application of one and the same measure-
ment scheme for study of one and the same skin 
condition makes the obtained results comparable. 
According to us, the most appropriate measure-
ment scheme comprises the single application of 
constant vacuum of 400 mbar for 5 s followed by 
a 5-s relaxation time. This scheme produces 
enough meaningful results, does not overburden 
the device and shortens the duration of measure-
ments [ 26 ,  30 ].  
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29.4.1.5     Preconditioning of the Skin 
 Barel et al. [ 5 ] have measured higher values of 
relative elastic parameters Ur/Ue and Ur/Uf using 
the pretension mode of the Cutometer®, indicat-
ing that preconditioned skin recovers more of its 
elastic deformation. They also consider that 
under pretension, the values of the skin deforma-
tion parameters are more reproducible and accu-
rate. Dobrev [ 26 ] did not fi nd any signifi cant 
changes in the skin mechanical parameters using 
pretension of the skin, except for a nonsignifi cant 
tendency toward higher values.  

29.4.1.6    Environmental Factors 
 It is recommended to perform the measurements 
under the same controlled room conditions. 
Temperature of 20–24 °C and relative humidity 
of 40–50 % are preferable. The tested person 
needs at least 15–20 min to acclimatize [ 56 ,  99 ].   

29.4.2     Results Interpretation 

 The mechanical parameters determined by 
Cutometer® refl ect the condition and the changes 
in skin structure and composition. They provide 
meaningful information about its major proper-
ties such as [ 5 ,  7 ,  30 ,  32 ,  70 ,  90 ]:
•    Skin distension (stiffness), i.e. the ability of 

the skin to undergo distension or the skin 
resistance to change of shape under the infl u-
ence of stress.  

•   Skin elasticity, i.e. the ability of the skin to 
recover the original shape after deformation.  

•   Skin viscoelasticity, i.e. the time-dependent 
deformation with a “creep” phenomenon and 
nonlinear stress–strain properties with “hys-
teresis”. The creep is characterized as a slowly 
increasing deformation of the skin in function 
of the time when a constant stress is applied. 
The hysteresis is related to the observation 
that after interrupting the stress the skin does 
not immediately return to its initial position 
and remains slightly deformed. In this way, 
the stress–strain curve obtained during suction 
time will not be superposed by the curve 
obtained during relaxation time.    

 The measurement mode 1 is most used in 
research studies. That is why the results obtained 
using mode 1 are explained in details in this 
section. 

29.4.2.1    R-Parameters 
 According to their calculation, the R-parameters 
are divided into two groups [ 7 ,  56 ]:
•    Absolute parameters: Ue, Uv, Uf, Ur, Ua 

and R1.  
•   Relative parameters: Ua/Uf, Ur/Uf, Ur/Ue and 

Uv/Ue.    
 The absolute parameters are measured in mil-

limetres, while the relative parameters are pre-
sented with a number, which represents a ratio 
between the values of two absolute parameters – 
the maximal value is 1 (100 %). 

 It is considered that the absolute parameters 
are dependent on the skin thickness, which varies 
with age, sex and body region. That is why for 
comparison studies, they should fi rstly be stan-
dardized for skin thickness determined by ultra-
sound. Because this is not always possible, the 
ratios of absolute parameters, i.e. the relative 
parameters, should be compared. It is accepted 
that they do not depend on skin thickness and can 
be compared between subjects, anatomical 
regions and time points [ 5 ,  9 ]. 

 Nevertheless, we suggest all measured skin 
mechanical parameters to be considered simulta-
neously. The reason is that relative parameters are 
composed of two parts – numerator and denomi-
nator, and one and the same value could be found 
as a result of an increase of a numerator or a 
decrease of a denominator and vice versa [ 26 ,  30 ]. 

 According to their biological informativeness, 
R-parameters are divided into three groups 
[ 7 ,  26 ,  30 ]:
    1.    Elastic parameters:

•    Absolute parameters – Ue, Uf and Ur.  
•   Relative parameters – Ua/Uf, Ur/Ue and 

Ur/Uf.      
   2.    Viscoelastic parameters:

•    Absolute parameters – Uv and H.  
•   Relative parameters – Uv/Ue.      

   3.    Mixed parameters:
•    R1 and R4       
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  The fi nal skin distension Uf consists of two 
components – immediate distension Ue (elastic 
part) and delayed distension Uv (viscoelastic 
part). 

 Ue is related to the stretching of collagen and 
elastic fi bres and refl ects the skin thickness and 
rigidity. 

 Ue decreases during the skin ageing. At sun- 
protected areas, this is due to the decrease in 
 elastic properties of collagen bundles as a result 
of fragmenting and increased number of intermo-
lecular binds, whereas at sun-exposed areas this 
is due to the thickening of the skin as a result of 
advanced elastosis. Ue is also decreased in disor-
ders characterized by skin thickening and indura-
tion. The enlarged volume of the skin as a result 
of dermal oedema (oedematous phase of sclero-
derma, psoriasis, erysipelas) or deposition of col-
lagen bundles and glycosaminoglycans in the 
dermis (indurative phase of scleroderma, scler-
edema of Buschke, keloids) restricts the skin pos-
sibilities for deformation after application of 
vacuum [ 17 – 19 ,  45 ]. 

 Ue is increased in some inherited diseases of 
connective tissue such as Ehlers–Danlos syn-
drome, which is due to alterations in collagen tis-
sue and thinning of the skin [ 27 ,  32 ,  50 ]. The 
application of moisturizers and emollients 
induces an increase in Ue which is due to the 
softening of corneal layer and improvement of 
the plasticity of epidermal layer [ 25 ,  65 ]. 

 Delayed distension (Uv) is attributed to the 
movement of the interstitial fl uid throughout the 
fi brous network in the dermis. 

 Uv increases after application of moisturizing 
agents [ 6 ,  25 ], which is related to the epidermal 
hydration and improved plasticity of corneal 
layer. Uv increases in the presence of infl amma-
tory dermal oedema (erysipelas, lymphoedema) 
[ 4 ,  18 ]. It is also increased in elderly skin because 
of the decrease of the viscosity due to the 
decrease in proteoglycans content during skin 
ageing [ 22 ,  26 ]. 

 Uv could be decreased in scleredema of 
Buschke and keloids because of the increase of 
interstitial fl uid viscosity as a result of accumula-
tion of proteoglycans [ 17 ,  20 ,  45 ]. Lower Uv is 

also observed in the indurative phase of sclero-
derma and Ehlers–Danlos syndrome. In the fi rst 
case, this is due to the increased stiffness of the 
skin, whereas in the second case, this is due to the 
thinning of the skin [ 19 ,  27 ,  50 ]. 

 The alterations in Ue and Uv could be unidi-
rectional (epidermal hydration, keloids) [ 20 ,  25 ] 
or heterogeneous (chronological and photoaging, 
UV-light irradiation, systemic sclerosis, scler-
edema of Buschke, erysipelas and lymphoedema, 
psoriasis, Ehlers–Danlos) [ 4 ,  18 ,  19 ,  24 ,  25 ,  27 , 
 30 ,  50 ]. The changes in both elastic and visco-
elastic part could infl uence the value of fi nal skin 
distension (Fig.  29.13 ).

   Uf could be increased at the expense of the 
increase in:
•    Both parts Ue and Uv (epidermal hydration) 

[ 25 ].  
•   The elastic part Ue (Ehlers–Danlos syndrome) 

[ 27 ].  
•   The viscoelastic part Uv (dermal oedema in 

erysipelas) [ 18 ].    
 Uf could be decreased at the expense of the 

decrease in:
•    Both parts Ue and Uv (keloids) [ 20 ].  
•   The elastic part Ue (photoaging, scleroderma, 

scleredema of Buschke, psoriasis) [ 17 ,  19 ,  22 , 
 24 ,  26 ].    
 Uf could be preserved despite the changes in 

its parts:
•    Decrease in Ue is accompanied with increase 

in Uv (chronological ageing, UV-light irradia-
tion) [ 22 ,  26 ,  29 ].    
 Viscoelastic to elastic ratio (Uv/Ue) repre-

sents the distribution between elastic and visco-
elastic parts of skin deformation. The increase of 
Uv/Ue indicates the prevalence of viscoelastic 
over elastic part of skin deformation. This can 
mainly be due to the increase of Uv, for example, 
in erysipelas [ 18 ], or decrease of Ue, in oedema-
tous phase of scleroderma [ 19 ], scleredema of 
Buschke [ 17 ,  45 ] and lymphoedema of the lover 
limbs [ 4 ], for example. During skin ageing, Uv/
Ue progressively increases because of the simul-
taneously increase of Uv and decrease of Ue 
[ 21 ,  22 ]. Identical changes are observed after 
UV-light irradiation [ 29 ]. 
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 A direct correlation has been established 
between Uv and Uv/Ue [ 26 ,  30 ]. 

 Immediate retraction (Ur), gross elasticity 
(Ua/Uf), net elasticity (Ur/Ue) and biological 
elasticity (Ur/Uf) are related to the function of 
elastic fi bres and represent the skin ability to 
restore its initial position after deformation. 
A direct correlation has been established between 
them [ 26 ,  30 ]. 

 The elastic parameters are decreased in elderly 
individuals due to chronological ageing and 
 photoaging of the skin [ 21 ,  22 ], after UV-light 
irradiation [ 29 ] and in diseases, which are char-
acterized by increased thickness and indurations 
of the epidermis, dermis or whole skin such as 
psoriasis [ 24 ], erysipelas [ 18 ] and colloids [ 20 ]. 

 The elastic parameters increase in varying 
degree after the application of moisturizers and 
emollients, which is due to the effects on the 
mechanical properties of the corneal layer rather 
than the effects on the elastic fi bres and in inher-
ited diseases of the connective tissue such as 
Ehlers–Danlos syndrome [ 27 ,  50 ]. 

 In oedematous phase of scleroderma and in 
scleredema of Buschke, the measurements with 
8-mm diameter probe explore a relative increase 
in the elastic parameters regardless of skin thick-
ening. This phenomenon can be explained by the 
“lubricating” action of the dermal oedema and 
decreased friction between the fi bres [ 17 ,  19 ]. 

 Mechanical parameters Ua/Uf and Ur/Uf bet-
ter characterize the elastic properties of the skin 
than Ur/Ue, because they include the viscous part 
of skin deformation, too [ 30 ]. 

 Hysteresis (H) is a viscoelastic parameter. 
When a few consecutive suctions are applied (i.e. 
3–10 suctions, 3 s/3 s), H refl ects the water con-
tent of the skin. Using 8-mm diameter probe, 
higher values of H have been found on psoriasis 
and erysipelas plaques which is due to the infl am-
matory dermal oedema [ 18 ,  24 ]. H and Uv were 
decreased on the irradiated skin in patients under-
going telegamma therapy for breast cancer [ 23 ]. 

 When a lot of repeated suctions are applied 
(i.e. 30 suctions, 1 s/1 s) at one and the same ana-
tomic region, H characterizes skin fatigue. The 
age-related decline in skin elasticity results in 
marked fatigue of adult skin rather than of young 
skin [ 33 ]. 

 Residual deformation  R  is a mixed parameter 
because it refl ects both elastic and viscous prop-
erties of the skin. Its interpretation is somewhat 
diffi cult and it has been little reported in the lit-
erature. In healthy individuals R increases with 
age as well as directly correlates with the param-
eters Uv, Uv/Ue, R8 and H [ 26 ]. In some dis-
eases, which are characterized by thickening of 
the skin such as psoriasis, scleredema of Buschke 
and keloids, using 8-mm diameter probe  R  is 
decreased, while in others such as erysipelas  R  is 
increased [ 17 ,  20 ,  24 ]. 

 In general, an inverse correlation exists 
between the changes in elastic and viscoelastic 
parameters, while between the single parameters 
in each group, the relationship is direct [ 30 ]. 

 We suggest the following Cutometer® 
R-parameters, which characterize the main 
mechanical properties of the skin, to be always 

140

120

100

80

60

40

20

0

In
du

ra
tiv

e
sc

le
ro

de
rm

a

P
ho

to
ag

in
g

N
or

m
al

 s
ki

n

E
pi

de
rm

al
hy

dr
at

io
n

E
ry

si
pe

la
s

(d
er

m
al

oe
de

m
a)

E
hl

er
s-

D
an

ol
s

sy
nd

ro
m

e

C
hr

on
ol

og
ic

al
ag

in
g

Uv
Ue

%

  Fig. 29.13    Changes in 
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analysed: Ue and Uf (distensibility), Ua/Uf and 
Ur/Uf (elasticity) and Uv and Uv/Ue (viscoelas-
ticity) [ 26 ,  30 ,  32 ].  

29.4.2.2     F-Parameters 
(Area-Parameters) 

 The surface parameters F0 and F1 refl ect the vis-
cous part of skin deformation. A completely elas-
tic material will show the complete area (total 
area and F1 are the same). However, these param-
eters are not well-known in the scientifi c litera-
ture [ 56 ]. 

 The surface parameters F2, F3 and F4 are also 
not familiar to scientists. We studied the age- 
related changes in skin fatigue applying multiple 
suctions at one and the same anatomic region and 
found that adult skin is characterized by signifi -
cantly higher values of F2 and lower F3 com-
pared to young skin [ 33 ]. F4 is considered a 
fi rmness parameter [ 56 ].  

29.4.2.3    Q-Parameters 
 The surface Q-parameters refl ect the elastic and 
viscous recovery of the skin. It is considered that 
Q0 (maximum recovery area) will go down with 
more fi rmness of the skin. Qu et al. [ 83 ] found 
that overall skin elasticity (Q3) and elastic recov-
ery (Q1) decreased signifi cantly, whereas the vis-
cous recovery (Q2) did not show signifi cant 
change with age. There was a marked decrease in 
Q3 and Q1, whereas Q2 was higher in the sun- 
exposed skin.    

29.5     Practical Applications 

 The Cutometer® is widely used for study in the 
mechanical properties of healthy skin, their 
changes under the infl uence of various internal 
and external factors, for clinical diagnosis and 
monitoring, effi cacy testing and claim support for 
medical and cosmetic topical products. 

29.5.1     Study of Healthy Skin 

29.5.1.1    Infl uence of Sex 
 Generally, no signifi cant sex-dependent differ-
ences in skin mechanical parameters have been 

reported [ 5 ,  12 ,  21 ]. However, the menopause is 
associated with more expressed increase in dis-
tensibility and viscosity and decrease in elasticity 
of the female skin. The application of hormone 
replacement therapy is able to signifi cantly 
reduce the climacteric-associated loss of skin 
elasticity [ 51 ,  75 ,  78 ,  82 ,  93 ]. Using the new 
introduced Q-parameters, Qu et al. [ 83 ] found 
that female subjects exhibited greater elastic 
recovery and lower viscous recovery than male 
subjects.  

29.5.1.2    Infl uence of Age 
 Aged skin is characterized by signifi cantly lower 
elastic and higher viscoelastic parameters. At all 
anatomic regions, the decrease in skin elasticity 
and the increase in skin viscoelasticity signifi -
cantly correlate with the age [ 5 ,  9 ,  12 ,  21 ,  51 ,  58 , 
 87 ,  94 ].  

29.5.1.3    Infl uence of Body Region 
 The regional differences in skin mechanical 
properties determined by Cutometer® are mainly 
due to the differences in skin thickness and sun 
exposure. The absolute parameters are more 
infl uenced than the relative mechanical parame-
ters [ 5 ,  12 ,  26 ,  41 ,  48 ,  53 ,  94 ,  100 ].  

29.5.1.4    Infl uence of External Factors 
 Chronic sun exposure and UV-light irradiation 
produce a decrease in skin extensibility and elas-
ticity and an increase in skin viscoelasticity. These 
alterations have been reported at facial and dorsal 
vs. volar forearm skin and are accompanied with 
increased skin thickness [ 22 ,  26 ,  94 ]. Similar 
changes in skin mechanical properties have been 
observed on irradiated skin in patients undergoing 
telegamma therapy for breast cancer [ 23 ]. 

 Cutometer® has been used for investigation of 
the skin mechanical properties in astronauts 
before and after a long-term mission in the 
International Space Station [ 95 ].   

29.5.2     Study of Diseased Skin 

 Mechanical properties of the skin are altered in 
many dermatological diseases. The Cutometer® 
allows quantifying these alterations in details, 
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and the changes of mechanical parameters deter-
mined are valuable for diagnosis, assessment of 
severity, monitoring of progression and evalua-
tion of treatment in skin diseases characterized 
by thickening or thinning and induration or soft-
ness of the skin (Fig.  29.14 ).

   The Cutometer® has been used to study 
mechanical properties of the skin affected by sys-
temic sclerosis [ 19 ,  42 ,  54 ,  69 ], Raynaud’s phe-
nomenon [ 36 ,  80 ], localized scleroderma [ 2 ,  14 ], 

scleredema of Buschke [ 17 ,  45 ], eosinophilic fas-
ciitis [ 28 ,  86 ], psoriasis vulgaris [ 24 ], erysipelas 
[ 18 ] and lymphoedema of the lower legs [ 4 ], 
keloids [ 20 ] and hypertrophic scars [ 39 ,  44 , 
 66 ,  67 ], eczema [ 37 ], striae distensae [ 52 ,  77 ], 
Ehlers–Danlos syndrome [ 27 ,  43 ,  50 ], diabetes 
mellitus [ 47 ,  68 ,  80 ,  96 ], acromegaly [ 10 ], gravi-
tational syndrome [ 81 ], type 1 neurofi bromatosis 
[ 64 ], spinal cord injury [ 73 ] and adult groin 
 hernias [ 72 ]. 
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  Fig. 29.14    Examples of 
skin deformation curves 
obtained with Cutometer® in 
some skin diseases: 
( a ) Systemic sclerosis 
(measuring mode 1; skin 
deformation mode extension/
time). ( b ) Scleredema of 
Buschke (measuring mode 1; 
skin deformation mode 
extension/time). ( c ) Keloids 
 (measuring mode 1; skin 
deformation mode extension/
time). ( d ) Erysipelas of the 
lower leg (measuring mode 
1; skin deformation mode 
extension/time). 
( e ) Erysipelas of the lower 
leg (measuring mode 2; skin 
deformation mode extension/
time). ( f ) Erysipelas of the 
lower leg (measuring mode 
2; skin deformation mode 
pressure/extension). ( g ) 
Psoriasis (measuring mode 
1; skin deformation mode 
extension/time). ( h ) Skin 
fatigue (measuring mode 1; 
skin deformation mode 
extension/time)               
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 Results observed suggest that:
•    The Cutometer® is more sensitive than the 

human perceptions and could detect minimal 
and initial changes in skin mechanical proper-
ties. The measurements could identify patients 
with secondary Raynaud’s phenomenon at 
risk of developing subsequently systemic scle-
rosis [ 19 ,  36 ].  

•   The measurement values correlate well with 
clinical scoring systems and could be used for 
evaluation of the degree of skin involvement 
[ 17 ,  19 ,  42 ].  

•   Since the improvement in skin condition is 
accompanied by changes in skin mechanical 
parameters toward values of normal healthy 
skin, their measurements could be used for 
monitoring disease progress and treatment 
response, also [ 17 ,  18 ,  20 ,  28 ,  31 ,  45 ].  

•   Moreover, the Cutometer® measurements are 
able to differentiate the oedematous from the 
indurative phase of scleroderma as well as 
indurative phase of scleroderma from SB as 
well as the fi rm no pitting oedema in SB from 
the soft pitting oedema in erysipelas [ 17 – 19 ].     

29.5.3     Study of Product Effi cacy 

 The Cutometer® measurements could be useful 
for product effi cacy and claim support studies. 
They have been used for evaluation of the effects 
of cosmetic products such as moisturizers and 
emollients [ 3 ,  6 ,  25 ,  65 ], anti-ageing creams con-
taining different active ingredients [ 8 ,  34 ,  46 ,  62 , 
 89 ], photoprotective creams [ 29 ], plant extracts 
[ 1 ,  35 ,  55 ,  88 ], chemical peelings [ 76 ], nutri-
tional supplementation [ 60 ,  63 ], dietary bee pol-
len supplementation [ 92 ], intradermal [ 71 ] and 
oral [ 79 ] administration of growth factor and 
mucopolysaccharide polysulphate [ 98 ]. 

 Measurements with Cutometer® were useful 
for exploring the mechanisms for improving skin 
mechanical properties after short-term and long- 
term application of cosmetic products. The single 
application of emulsions improves the plasticity 
of epidermal corneal layer by increasing its 
hydration (urea and other humectants; predomi-
nantly raised viscoelastic parameters) or by 

decreasing the intracorneal cohesion (alpha 
hydroxy acids; predominantly raised elastic 
parameters). Multiple applications of moisturiz-
ing cream containing plant extracts and oils 
improve the plasticity of the skin by increasing 
its water content (both raised elastic and visco-
elastic parameters), while the cream containing 
pentapeptides increases skin fi rmness by induc-
ing the accumulation of newly synthesized col-
lagen (raised elastic and reduced viscoelastic 
parameters) [ 25 ,  34 ,  35 ,  38 ]. 

 Cutometer® measurements have been used 
for assessment of the activity of different topi-
cal corticosteroids as ointments and creams. 
However, the alteration in skin mechanical 
properties observed was related to the effects of 
vehicles rather than to the effects of active sub-
stances [ 16 ]. 

 Distante et al. [ 15 ] have conducted an inter-
esting study using Cutometer® and other objec-
tive measurements. They aimed to evaluate if 
cosmetic product’s packaging and strongly 
claimed effi cacy attributes can infl uence the 
objectively measured effi cacy. The results 
obtained suggest that the packaging characteris-
tics cannot be a key factor for improving the bio-
physical skin properties related to anti-ageing 
and restoring effects.  

29.5.4     Study of Treatment Effi cacy 

 The Cutometer® measurements have been used 
for objective and quantitative evaluation of dis-
ease progress and treatment effi cacy in many 
skin diseases such as localized scleroderma 
treated with phototherapy [ 14 ], scleredema of 
Buschke [ 17 ,  45 ], eosinophilic fasciitis treated 
with corticosteroids [ 28 ], psoriasis treated with 
dithranol ointment [ 24 ] and with topical cortico-
steroids and hydrocolloid occlusive dressings 
[ 31 ], erysipelas treated with regular treatment 
[ 18 ], eczema treated with corticosteroids [ 37 ], 
keloids treated with intralesional triamcinolone 
acetonide [ 59 ] and cryosurgery [ 20 ], anti-keloi-
dal products [ 101 ], haemodialysis [ 13 ], burn 
wounds treated with composite and split-thick-
ness skin grafts [ 44 ,  91 ,  97 ], topical dressings for 
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wounds [ 84 ], CO2 therapy and liposuction for 
adipose tissue accumulation [ 11 ], skin resurfac-
ing with pulsed carbon dioxide laser [ 57 ], skin 
rejuvenation treatment using hyaluronic acid-
based gel of non-animal origin [ 85 ], liposuction 
[ 49 ] and cellulite treatment with a TriPollar 
radiofrequency device [ 61 ].   

    Conclusions 

 The Cutometer® is an easy to handle non-inva-
sive suction device for evaluating the mechan-
ical properties of the skin. It provides the users 
with objective, quantitative, reproducible and 
meaningful data on the elastic and viscoelastic 
properties of healthy and diseased human skin 
as well as their changes under the infl uence of 
various external factors, therapeutical and 
cosmetic products. The Cutometer® is now 
recognized as a standard tool in dermatologi-
cal and cosmetic research.     
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30.1  Introduction

The skin has multiple functions. Among these, it is 
an elastic envelope which provides physical and 
chemical protection for the body. In order to do so, 
the mechanical properties of the skin are of great 
importance in order to allow the necessary flexibil-
ity and resilience of the skin. The mechanism by 
which the skin adapts itself to movement and con-
tinues to provide a functional barrier has been com-
paratively little studied in view of the importance 
of this function. Most studies have been structural, 
leaving considerable scope for more functional 
studies, and measurement of the actual mechanical 
properties of the skin, the ‘skin mechanics’, may 
therefore provide much relevant information.

Numerous methods have been developed for 
the study of skin mechanics based on the princi-
ples of materials testing, i.e. the application of 
force and the assessment of subsequent distortion 
or deformation. This approach mirrors the clinical 
approach where physicians press, squeeze or pinch 
the skin to gain an impression of the mechanical 
properties. This approach can be more or less 
structured as exemplified in, e.g. the Rodnan score 
used in scleroderma, in which skin stiffness is 
assessed clinically in different  predetermined sites 
and scores added for a combined overall score [1]. 

An engineering approach however suggests that 
the process may be  standardised further and preci-
sion increased substantially.

30.2  The Ballistometer

In the ballistometer, force is applied by dropping 
an object onto the surface of the skin with a 
known force and measuring the recoil of the 
object as it bounces off the surface. A similar 
approach was widely used in metallurgy and has 
been used in ophthalmology [2, 3]. Numerous 
sources of variation exist in this approach such as 
the force used, the angle of the force, the hard-
ness of the material and the shape of the object 
dropped onto the surface. The ballistometer mea-
sures the rebound energy, and in practical terms, 
the height of the ‘bounce’ is measured and plot-
ted against time providing data on the absorption 
and dissipation of the force in the material.

If an inflexible body weighing P is dropped 
onto a fixed surface from the height H, it rebounds 
to a height H′. The energy of the falling object is

 E PH=  

The energy returned from the surface is 
correspondingly

 E PH′ ′=  

And the ratio between the applied energy and 
the returned energy, interpreted as a sign of the 
mechanical properties of the material tested, e.g. 
skin is

G.B.E. Jemec, MD, DMSc 
Department of Dermatology, Roskilde Hospital, 
Health Sciences Faculty, University of Copenhagen, 
Køgevej 7-13, DK-4000 Roskilde, Denmark
e-mail: gbj@regionsjaelland.dk

30Ballistometer

Gregor B.E. Jemec



340

 e E E H H= =′ ′/ / %  

30.3  Studies

The first paper on ballistometry of the skin was 
published by Tosti et al. in 1977 using a custom- 
built ballistometer to explore the potential of the 
method in healthy volunteers and patients. The 
authors measured 12 skin areas in 46 healthy vol-
unteers aged 8–80 years. An unspecified number 
of skin lesions were also tested.

Not all data were reported in the manuscript, 
but the authors state that no significant difference 
was seen in left–right comparative measurements 
of symmetrical areas.

A good correlation was found between age 
and decreasing e (r = −0.819 and −0.875 on the 
forehead and dorsum of the hand, respectively). 
The values of e decreased more rapidly in 
UV-damaged skin, while increased water content 
of the skin as in, e.g. oedema increased e.

In 1991 Fthenakis et al. [4] described their 
experience with their custom-built ballistometer. 
They evaluated the variability in skin mechanics 
due to age and body sites and attempted to mod-
ify the mechanical properties by treatment with a 
vitamin A palmitate containing cream. These 
authors were also able to identify age-related 
changes and suggest that the mechanical 
 properties of the skin may be changed by vitamin 
A palmitate but not a simple moisturizer.

No new studies of ballistometry were 
 published until Jemec et al. [5] published a study 

comparing measurements of the mechanical 
properties of the skin using a commercial ballis-
tometer (Torsional ballistometer, Dia-Stron, UK) 
and a commercial suction cup device (Dermaflex, 
Cortex Technologies, Denmark). The suction 
cup method measured distensibility, elasticity, 
and hysteresis (creep). Ballistometry measured 
indentation (peak penetration depth of the probe 
tip beneath the skin surface level), alpha (rate of 
energy damping), the coefficient of restitution 
(CoR, bounce height relative to the start height) 
and area (the area between the bounce profile and 
the skin zero, i.e. the sum of the area under the 
curve described by the probe vs. the resting level 
of the surface of the skin).

Three sites (palm, the ventral and dorsal 
forearm) were measured in 17 healthy volun-
teers and the data compared. A moderate degree 
of correlation was found between the methods 
(Spearman test, rs = 0.315–0.540), while inter-
nal correlation between different measures 
obtained with one method was higher (Spearman 
test, rs = 0.375–0.967). Age-related changes in 
the palm were identified using ballistometry, 
which however failed to identify age-related 
changes in the other regions studied. Conversely, 
the suction cup device was able to identify age-
related changes on the forearm but not in the 
palm.

The suction cup method parameters correlated 
significantly with the ballistometry parameters, 
except for the hysteresis. The coefficient of varia-
tion of both methods (CV = 0.02−0.35) was 
within the range obtained with other non- invasive 
methods. It was concluded that the methods 
describe different characteristics of the tissue, 
with ballistometry describing predominantly 
stiffness, while the suction cup method was con-
sidered predominantly to describe elasticity.

In 2007 Caisey et al. among other parameters 
investigated age-related variations, the mechani-
cal properties of the lips using the commercially 
available ballistometer (Dia-Stron, UK); how-
ever, only the alpha value was considered. 
The authors found that mechanical damping of 
the tissue increases with age and appears not to 
be modified by menopause and/or HRT.
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 Conclusion

In contrast to suction cup techniques, 
 ballistometry has attracted very scant atten-
tion in studies of the skin. The potential 
advantage of the method is its practical sim-
plicity, as no special attachments to the skin 
are necessary and the speed of data acquisition 
is high. A commercial device is available 
(http://www.diastron.com/default.html).

The method however also has some weak-
nesses. One weakness is that it is rarely used, 
and the literature therefore correspondingly 
sparse. The other main weakness is the inter-
pretation of data. In skin the value obtained 
using this measure is therefore a composite 
value reflecting distortion of elastic compo-
nents, formation of heat, compression and vis-
cous displacement. The exact interpretation of 
the data is therefore complex [6].

Although the simplicity and intuitive 
approach of the method are attractive aspects, 
the complexity of the data interpretation and 
the very limited dermatological literature on 
ballistometry of the skin makes the method 
less attractive. For the interested researcher, it 
is necessary to provide a body of methodolog-
ical data to integrate the method into the 

 existing literature which is mainly based on 
other methods, as well as provide a very strin-
gent experimental setting before attempting to 
interpret the data.
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31.1            Introduction 

 TEWL – TransEpidermal Water Loss – is recog-
nised as the main indicator of skin barrier func-
tion. Of course, TEWL only gives information 
about the water barrier since other substances 
will generally have different penetration prop-
erties. The reasons why TEWL is used almost 
universally for skin barrier assessment are (1) 
because water transpiration is clinically relevant 
and (2) because measurements are straightfor-
ward, safe, noninvasive and economical. 

 Since the 1970s, the open-chamber method 
of measurement [ 1 ] has established itself as the 
main method for TEWL measurement and a de 
facto standard against which newer technologies 
are judged. However, the open-chamber method 
is known to suffer from a number of limitations, 
including vulnerability to disturbance from ambi-
ent air movements, calibration inconsistencies, 

angular dependence, temperature dependence 
and contact pressure depe ndence. Disturbance 
by external air movements can be eliminated 
by using a closed measurement chamber, but 
this design change may affect other aspects of 
the measurement. This chapter describes two 
commercial closed-chamber instruments, the 
AquaFlux and VapoMeter, within the context of 
the established open-chamber method.  

31.2     Closed-Chamber TEWL 
Instruments 

 Two commercial closed-chamber TEWL instru-
ments have recently been introduced: the 
AquaFlux (Biox Systems Ltd, England) and the 
VapoMeter (Delfi n Technologies Ltd, Finland). 
The two instruments use different technologies, 
from measurement method to practical imple-
mentation, as described below. 

31.2.1     AquaFlux 

 The AquaFlux uses the same steady-state 
diffusion- gradient measurement principle as the 
open-chamber method. However, its measure-
ment chamber is closed in order to eliminate dis-
turbance by external air movements. The apparent 
contradiction between continuous fl ux measure-
ment in a closed measurement chamber is resolved 
by a condenser that continuously removes water 
vapour by converting it to ice [ 2 ,  3 ]. 
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 The AquaFlux measurement chamber, illus-
trated schematically in Fig.  31.1a , is in the form 
of a cylinder about the size of a thimble. Its lower 
end acts as a measurement orifi ce that is placed 
into contact with the skin. Its upper end is closed 
with a condenser that is maintained below the 
freezing temperature of water by means of an 
electronic Peltier cooler.

   The condenser controls the humidity in the 
chamber independently of ambient conditions. It 
acts as a vapour sink by forming ice on its sur-
face, thus creating a zone of low humidity in its 
immediate vicinity. By contrast, the skin is a 
vapour source, creating a zone of higher humid-
ity in its immediate vicinity. This humidity dif-
ference causes water vapour to migrate from 
source to sink by passive diffusion, leading to a 
linear distribution of humidity parallel to the 
chamber axis under steady conditions. The water 
vapour fl ux is calculated from measurements of 
this humidity gradient and Fick’s fi rst law of 
diffusion. 

 The humidity gradient is calculated from two 
humidity values at two spatially separated points. 
One value is calculated from the readings of rela-
tive humidity (RH) and temperature (T) of a sen-
sor mounted in the chamber wall. The other value 
comes from the condenser, where the humidity 
can be calculated from its temperature without 
needing a second RH sensor. 

 A fl ux time-series curve recorded during a 
typical volar forearm TEWL measurement is 
shown in Fig.  31.1b . The peak at short times is 
caused partly by ambient humidity entering the 
measurement chamber before it is sealed against 
the skin and partly by any unbound skin surface 
water (skin surface water loss, SSWL). The 
 measurement is ended automatically by the soft-
ware when the user-set target precision is reached. 
The software also calculates the area under the 
peak, above the TEWL level, which is equal to 
the quantity of excess moisture captured, 2.24 μg 
in this case. 

 The AquaFlux is a benchtop, mains-powered 
instrument consisting of a handheld probe, a base 
unit and a USB connection to a computer. All 
measurement, signal evaluation, display and stor-
age functions are performed by the computer.  

31.2.2     VapoMeter 

 The VapoMeter uses the  unventilated - chamber  
method of measurement [ 4 – 7 ] illustrated in 
Fig.  31.2 .

   The measurement chamber, illustrated in 
Fig.  31.2a , is in the form of a cylinder about the 
size of a thimble. One end of the chamber is 
closed; the other end has a measurement orifi ce 
that can be placed in contact with the skin. The 
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chamber is equipped with sensors for RH and T. 
Water vapour from the skin surface collects in the 
chamber from which it cannot escape. This 
causes the humidity to rise with time as illus-
trated in Fig.  31.2b . TEWL is calculated from the 
rate of increase of humidity, indicated in 
Fig.  31.2b  by the intervals Δ RH  and Δ t . The 
measurement is ended automatically by the fi rm-
ware, after which the chamber needs to be lifted 
from the skin to allow the accumulated water 
vapour to escape (solid curve), otherwise the 
humidity would continue to rise towards satura-
tion level (dashed curve). 

 The VapoMeter is a self-contained, battery- 
powered instrument. It is equipped with a push 
button, a small LCD display and a beeper. All 
measurement, display and signal evaluation 
functions are performed by the fi rmware of its 
embedded microprocessor, with a Wi-Fi connec-
tion used optionally for data transfer to a 
computer.   

31.3     Operating Characteristics 

 The two instruments use different measurement 
methods and their operating characteristics are 
consequently quite different, as described below. 

31.3.1     Measurement Procedures 

 The AquaFlux works with a computer, which 
continually calculates water vapour fl ux density 

from sensor readings sampled approximately 
twice per second. After switch-on, the instrument 
needs typically 15–30 min for the zero-fl ux base-
line to settle before it is ready for use. Thereafter, 
a measurement is initiated by moving the probe 
to the site of interest and pressing the probe but-
ton. The software controls the measurement, 
looking for a steady fl ux level according to 
 user- set criteria. When these are met, the mea-
surement is stored automatically, and the instru-
ment is immediately ready for the next 
measurement (site hopping). 

 The VapoMeter manufacturer recommends 
that the instrument be acclimatised to ambient 
conditions of RH and T before starting measure-
ments. When ready, the following sequence con-
stitutes a measurement:
    1.    Hold the instrument well away from any water 

vapour sources, including skin.   
   2.    Press the probe button to initiate a 3-s count-

down indicated by three short beeps.   
   3.    At the subsequent long beep, make leak-tight 

contact with the skin. Do not apply too much 
pressure.   

   4.    Hold the instrument steady during measure-
ments.   

   5.    At the next long beep, the measurement 
is complete. Remove the instrument from 
the skin surface and record the reading on 
the LCD display, if the Wi-Fi connection is 
inactive.     
 After the measurement, the accumulated water 

vapour needs to be allowed to escape before the 
next measurement can be started.  
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31.3.2     Water Vapour Accumulation 

 Water vapour accumulation is a problem with all 
closed-chamber methods. With the AquaFlux, the 
accumulated water vapour is stored as ice on the 
condenser. The condenser also controls the 
humidity in the measurement chamber, thus 
eliminating post-measurement recovery delays. 
Ice accumulation causes a gradual reduction of 
sensitivity, by ~1 % for every 2.5 mg of accumu-
lated ice. To put this into context, it would take 
~500 typical volar forearm TEWL measurements 
at 10 gm −2  h −1  to accumulate this quantity of ice. 
Therefore, ice removal is unnecessary during a 
normal working day. The procedure for ice 
removal takes about 20 s, with a further ~10 min 
required for the readings to stabilise. 

 With the VapoMeter, the humidity in the 
chamber increases during a measurement, and 
the accumulated water vapour needs to be 
allowed to escape before the next measurement 
can be started. This process is controlled by the 
instrument and can take between 20 and 90 s, 
depending on prior use and other factors.  

31.3.3     Recorded Data 

 Both AquaFlux and VapoMeter display and 
record TEWL, ambient T and ambient  RH . In 
addition, the AquaFlux displays and records 
SSWL and the measured fl ux density time-series 
curves. These curves are important for validating 
TEWL measurements, because they show excep-
tion conditions that may have interfered with the 
correct calculation of TEWL. Examples of 
exception conditions include sweat gland activity 
and imperfect sealing of the measurement head 
against the skin.  

31.3.4     Mobility 

 Closed-chamber technology makes it possible for 
TEWL measurements to be used more fl exibly, 
on-site in the workplace, clinics and other less 
than ideal environments. Mobility may there-
fore be an important instrument attribute. Of 
the two instruments featured in this chapter, the 

VapoMeter is the more mobile, being independent 
of mains power, not requiring a computer con-
nection and needing only a relatively short period 
of acclimatisation to ambient conditions before 
being ready for measurement. The AquaFlux 
is mains powered, needs to be connected to a 
computer and requires typically 15–30 min of 
pre-measurement settling time. Mobility in this 
case can be achieved by the use of a small trolley 
for the instrument and laptop, together with an 
uninterruptible power supply to keep the system 
going as it is moved from room to room.   

31.4     Instrumental Performance 

 The quality of measurements in different applica-
tions depends partly on the instrument manufac-
turer and partly on the user. The manufacturer is 
responsible for optimising the performance of the 
instrument, calibration, software and associated 
ancillary apparatus and for providing clear 
instructions on how to use these to best effect. The 
user is responsible for ensuring that the equip-
ment is correctly used and maintained and that the 
skin sites are correctly prepared and acclimatised. 
Several performance assessments involving 
closed-chamber TEWL instruments have recently 
been published [ 8 – 12 ]. In this section we will 
highlight the most pertinent fi ndings. 

31.4.1     Method Validity 

 The validity of a new method of TEWL measure-
ment is usually assessed by comparing equiva-
lent readings with those from an open-chamber 
instrument. This is because the open-chamber 
method is seen as a de facto standard, because of 
both its long history of use and its perceived min-
imally invasive nature. The most basic method of 
comparison is correlation. However, correlation 
is a poor test of validity because there may be 
hidden factors that affect either one or both meth-
ods being correlated. 

 One such hidden factor is the fi nite measure-
ment range of TEWL instruments. For TEWL 
instruments using the diffusion-gradient measure-
ment principle (open chamber and condenser 
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chamber), the maximum fl ux density that can be 
measured is limited by the RH of the air immedi-
ately adjacent to the skin surface. A diffusion gra-
dient is established because the skin at one end of 
such a measurement chamber is a source of water 
vapour, whereas the atmosphere or the condenser 
at the opposite end is a sink. Therefore, a fi nite 
water vapour fl ux causes the humidity immediately 
adjacent to the skin surface to increase, whereas the 
humidity at the opposite end is little affected. The 
measurement range limit is reached as the air 
immediately adjacent to the skin surface approaches 
saturation at 100 %  RH . For unventilated-chamber 
instruments, the considerations are different. The 
non-steady- state nature of this method makes it 
diffi cult to predict its measurement range. However, 
it is generally acknowledged that such instruments 
respond to higher fl ux levels than diffusion-gradi-
ent instruments. But irrespective of measurement 
method, measurement range is not constant, but 
depends on temperature ( RH  decreases as T 
increases) and the diameter of the orifi ce in contact 
with the skin (smaller orifi ce diameters can be used 
to increase measurement range). 

 The comparisons are presented in Fig.  31.3 , 
using the nonparametric Tukey mean-difference 
method [ 14 ], where the means of equivalent pairs 
of readings with the two instruments being com-
pared are plotted on the x-axis and the differences 

between them on the y-axis. This is a more sensi-
tive method of comparison than the standard cor-
relation plot, because it shows deviations 
(differences) between equivalent readings against 
the assumed best estimate (the mean) of the  true 
value  of the quantity being measured.

   The mean fl ux density shown in Fig.  31.3  is 
restricted to the range 0–80 gm −2  h −1  to remain 
comfortably within the measurement range of all 
three instruments used in the tests. Systematic 
bias is evident between the open-chamber 
Tewameter TM300 (Courage + Khazaka elec-
tronic GmbH, Germany) readings and those of 
the two closed-chamber instruments. For the con-
denser-chamber AquaFlux, there is a fl ux- 
independent offset of ~4.0 gm −2  h −1 , which 
indicates a calibration difference. For the unven-
tilated-chamber VapoMeter, there are fl ux- 
dependent trends, with increasingly negative 
differences in the range 0–40 gm −2  h −1 , followed 
by a reversed trend above ~50 gm −2  h −1 .  

31.4.2     Repeatability 

 The repeatability attribute of a TEWL instrument 
gives a measure of the extent to which small dif-
ferences in readings are meaningful in terms of 
skin properties. Ideal TEWL instrument would 
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give identical readings when repeatedly measur-
ing the same fl ux. Real TEWL instruments give 
different readings (scatter) because of random 
noise, sensor hysteresis, interference and other 
factors. 

 The effect of instrumental repeatability on in 
vivo TEWL measurements is diffi cult to assess, 
because skin is heterogeneous and variable, 
depending on individual, site, time and precondi-
tioning. The observed scatter of TEWL readings 
is therefore a superposition of instrumental scat-
ter and skin variability. These are independent 
sources of variability, which combine as vari-
ances in Gaussian statistics (i.e. the  squares  of 
the standard deviations or CVs are added) as 
illustrated in Fig.  31.4 .

   According to Fig.  31.4 , if the instrumental 
scatter is small compared with skin variability, 
then the observed scatter mainly refl ects the 
variability property of the skin. Conversely, if 
the instrumental scatter is large compared with 
skin variability, then the observed scatter mainly 
refl ects instrumental repeatability. It is there-
fore important to know the repeatability prop-
erties of the instrument when interpreting skin 
measurements. 

 Instrumental repeatability can be measured in 
isolation, if a steady fl ux source is used in place 
of in vivo skin. Imhof et al. [ 15 ] measured the 
repeatability characteristics of an AquaFlux and 
a VapoMeter using a novel inverted wet-cup 
fl ux source. The main fi nding, from 200 repeat 
measurements for each instrument, is that the 
scatter of AquaFlux readings (CV = 0.93 %) 

is approximately ten times smaller than that of 
the VapoMeter (CV = 10.3 %). These values are 
compatible with the manufacturers’ published 
specifi cations. 

 Signifi cant differences in the repeatability of 
in vivo TEWL measurements are also evident in 
the data presented in Fig.  31.3 . Of course, the 
scatter in these readings cannot be attributed 
solely to the instruments under test since they 
include (1) the scatter in the reference Tewameter 
readings and (2) skin variability. Nevertheless, 
the scatter of AquaFlux-Tewameter differences 
(standard deviation = 4.6 gm −2  h −1 ) is half that of 
the equivalent VapoMeter-Tewameter differences 
(standard deviation = 9.2 g m−2  h −1 ).  

31.4.3     Measurement Time 

 Measurement time is an important attribute, 
especially in large studies or studies involving 
young children. With both instruments, the mea-
surement is started manually by the probe button 
and stopped automatically in compliance with 
preprogrammed termination criteria. Their dif-
ferent measurement methods (AquaFlux, steady- 
state diffusion; VapoMeter, time rate of increase 
of humidity) also affect measurement time. 

 For the AquaFlux, measurement time depends 
on the required measurement precision, skin and 
ambient conditions. The user-set measurement 
precision affects measurement time because high 
precision requires more time for the readings to 
settle. Skin and ambient conditions affect mea-
surement time because they affect the height and 
duration of the transient fl ux peak. A typical 
example is illustrated in Fig.  31.1b , where the 
measurement time was 49 s for a target precision 
of <0.075 gm −2  h −1  standard deviation over a 5-s 
moving average of the most recent fl ux 
readings. 

 For the VapoMeter, measurement time is 
7–16 s, as determined by a proprietary fi rmware 
algorithm without user-adjustable parameters. It 
must be borne in mind, however, that a VapoMeter 
measurement is of lower precision than an 
AquaFlux measurement and that it does not pro-
vide any means, such as the fl ux time-series 
curves of the AquaFlux, to ascertain whether it is 
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affected by sweat gland activity, skin surface 
water or other measurement errors. With the 
VapoMeter, the only means of verifying a mea-
surement is to repeat it. 

 Also important when considering measure-
ment time is the waiting time before the next 
measurement can be started. With the AquaFlux 
the next measurement can be started without 
delay. With the VapoMeter there is a fi rmware- 
controlled 20–90-s post-measurement recovery 
delay before the next measurement can be started.   

31.5     TEWL Guidelines for Closed- 
Chamber Instruments 

 The established TEWL guidelines [ 16 ,  17 ] are 
specifi c to open-chamber instruments, with many 
of their recommendations irrelevant for closed- 
chamber instruments. More up-to-date guidance 
is provided by [ 18 ] which is, however, specifi c to 
measurements in nonclinical settings. Below is a 
summary of how these guidelines relate to the 
instruments described in this chapter:
    1.    Acclimatisation 

 Ambient temperature should be regulated 
between 20 and 22 ±1 °C to avoid sweat gland 
activity. RH should be close to 40 % and not 
exceed 60 %. Skin acclimatisation under these 
conditions is recommended for at least 
15–30 min prior to measurement. These rec-
ommendations are generally valid.   

   2.    Instrument preparation 
 The AquaFlux needs typically 15–30 min of 
stabilisation time prior to use. The instrument 
can be left running through the night, if an 
early start is needed. The VapoMeter needs 
little preparation prior to use. The main con-
cern is to ensure that its temperature remains 
stable, since it has been shown that its read-
ings change by ~1.3 ± 1.1 gm −2  h −1  per °C [ 8 ].   

   3.    Holding the probe 
 Heat transfer from the hand can give  signifi cant 
measurement errors with some instruments. 
This is insignifi cant with the AquaFlux (tem-
perature sensitivity ~0.05 ± 0.06 gm −2  h −1  
per °C), but the VapoMeter has a ~26 times 
higher temperature sensitivity (see above), 
and it is recommended that this probe always 

be  handled with an insulating glove or other 
indirect means [ 18 ].   

   4.    Contact pressure 
 The contact pressure applied between the 
measurement head and skin has been found to 
infl uence measurements made using open- 
chamber instruments [ 19 ], but this has more to 
do with measurement head design than skin 
barrier property change. In contrast, closed- 
chamber instruments have been shown to have 
minimal sensitivity to contact pressure [ 3 ,  8 ]. 
Adequate constant pressure should be applied 
to ensure (1) a leak-free contact between the 
probe and skin and (2) that the probe does not 
slide over the skin.   

   5.    Surface orientation 
 Open-chamber measurements need to be 
restricted to horizontal surfaces because 
of interference from natural convection air 
movements. For closed-chamber instruments, 
external air movements do not interfere with 
measurements. It is therefore tempting to 
assume that such instruments are unaffected 
by probe angle. However, natural convec-
tion can occur inside measurement chambers, 
depending on temperature distribution, geom-
etry and orientation. Angular dependence may 
therefore be an issue with closed-chamber 
instruments also. 

 For the VapoMeter, Cohen et al. found that 
measurements vary with orientation [ 20 ] 
although unpublished data from the manufac-
turer (private communication) show no statis-
tically signifi cant orientation dependence. For 
the AquaFlux, the probe can be used with all 
surface orientations with little effect on sensi-
tivity, providing the probe is held correctly, 
with the sensors remaining above the chamber 
axis [ 3 ].    

31.6       Summary and Conclusion 

 Closed-chamber instruments bring a new dimen-
sion to skin barrier measurement because they 
overcome the main limitation of open-chamber 
instruments, namely, their vulnerability to distur-
bance from external air movements. This makes it 
possible for TEWL measurements to migrate 
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away from the well-controlled laboratory environ-
ment, into the workplace or clinic. This and other 
aspects of their design liberate them from many of 
the restrictions and precautions recommended in 
the now outdated TEWL guidelines [ 16 ,  17 ]. 

 The two closed-chamber instruments described 
in this chapter differ in measurement principle, 
concept and design. The AquaFlux, which uses 
the condenser-chamber method of measurement, 
is a benchtop, mains-powered instrument. The 
VapoMeter, which uses the unventilated-cham-
ber method of measurement, is a self-contained, 
battery-powered instrument. Their performance 
characteristics are also quite different, with accu-
racy, sensitivity and repeatability the main fea-
tures of the AquaFlux; speed and mobility the 
main features of the VapoMeter.     
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     Abbreviations 

   SC    Stratum corneum   
  TEWL    Transepidermal water loss   

32.1            Introduction 

 The skin separates the inner part of our body 
against the potentially harmful environment. The 
skin barrier protects the human body against many 
external stressors, namely, physical stress (e.g., 
mechanical, thermal, UV radiation), chemical 
stress (e.g., tensides, prolonged water exposure, 
solvents), and environmental conditions [ 1 ]. 
Furthermore the skin as a barrier prevents the 
organism from loss of essential components such 
as ions, water, and serum proteins. The skin as a 
barrier also refl ects internal processes, diseases, 
disease activity, and some of the lifestyle, mani-
fested in intrinsic and extrinsic aging. The skin has 
also sociocultural functions and plays an impor-
tant role in communication and self-expression. 

 Beyond its structural components SC is inter-
esting to both clinicians and researchers for its 
dynamic properties. This encompasses the pas-
sage of water and electrolytes from the viable 
epidermis at one hand and the active and passive 
transport of exogenous substances (xenobiotics, 
drug molecules, irritants, allergens, and cosmetic 
ingredients) on the other hand. 
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 Core Messages 

•     Skin comprises multiple protective 
functions including which permeability 
barrier.  

•   Transepidermal water loss (TEWL) is a 
reliable in vivo parameter for the assess-
ment of epidermal permeability barrier 
function.  

•   Different in vivo methods for the assess-
ment of TEWL exist: closed ventilated, 
and open chamber, the latter with the 
widest popularity in clinical and experi-
mental research.  

•   Practical guidelines should be followed 
when measuring TEWL.  

•   A number of instrument-, subject-, and 
environment- related variables infl uence 
TEWL measurement.    



354

 The aspiration for quantifi cation and 
 qualifi cation dates since the ancient societies. The 
Vitruvian Man of Leonardo da Vinci is an example 
of the pioneer efforts to standardize certain mea-
surement units using different body part ratios. 
Nowadays a demand for standardizing and unify-
ing evaluation procedures in biomedical research 
is widely accepted. Different noninvasive methods 
for the in vivo investigation of the skin barrier 
properties have been developed in the past decades. 

 Transepidermal water loss (TEWL) is the 
most prominent in vivo parameter for the evalua-
tion of epidermal permeability barrier function. It 
is comprised by the insensible perspiration which 
is based on the diffusion of body water through 
the SC. Minimizing thermal sweating, hence, is 
crucial for quantifying TEWL under basal condi-
tion. A low TEWL is a characteristic feature of a 
healthy skin protective state. TEWL measure-
ments can be used to assess the inside-out barrier 
but also to indirectly predicting the infl uence of 
topically applied substances and pharmaceutical 
compounds at the skin surface [ 2 ].  

32.2     Measuring Principle 
and Devices 

 Measurement of TEWL is typically used to 
assess objectively barrier function [ 3 ,  4 ]. Thus, 
the use of this parameter is reasonable in objec-
tive disease evaluation scores, such as in atopic 
dermatitis [ 5 ,  6 ]. There are different methods for 
TEWL measurement, the unventilated-chamber 
(closed) method, the ventilated-chamber method, 
and the open-chamber method. The unventilated 
chamber potentially occludes the skin and thus is 
incapable of performing continuous measure-
ment. A certain drawback of the ventilated-
chamber method using dry or moistened carrier 
gas is the interference with the microenvironment 
over the skin surface. Open-chamber method 
does not interfere with the microclimate and does 
not occlude the skin; therefore it is reliable and 
useful tool for both single and continuous mea-
surements of the evaporative loss from the skin 
surface. This chapter is focused mainly on the 
open-chamber measurement. 

 There are two commercially available 
open- chamber devices that are widely used in 
research and cosmetic science: Tewameter® 

(Courage + Khazaka electronic GmbH, Cologne, 
Germany) and DermaLab® (Cortex Technology 
ApS, Denmark). 

 The measuring principle behind the open- 
chamber devices is Fick’s diffusion law revealing 
the mass per cm 2  being transported in a defi ned 
period of time and calculated by the formula:

  

dm

dt
D A

dp

dx
= − ⋅ ⋅

   
   where 
    A  = surface in m 2 .  
   m  = water transported (in g).  
   t  = time (h).  
   D  = diffusion constant (=0.0877 g/m h mmHg).  
   p  = vapor pressure of the atmosphere (mmHg).  
   x  = distance from skin surface to point of mea-

surement (m).    
 A schematic overview of an open-chamber 

device is presented in Fig.  32.1 . Density gradient 
is measured indirectly by two pairs of sensors 
(temperature and relative humidity) and is ana-
lyzed by a microprocessor. In some of the com-
mercially available devices (e.g., Tewameter), the 
sensors can be preheated in order to achieve steady 
state values in a minimum of time. After computer 
calculation the TEWL is displayed in g/m 2 /h.  

 Calibration of the measuring device is critical for 
performing adequate measurements [ 7 ]. It should 
be performed in accordance with the manufacturer’s 
instruction. In addition some of the manufacturers 
request a regular accuracy check and calibration to 
be performed in certain intervals. Adherence to 
these recommendations is strongly advised. 

 Due to the discrepancies in the basic prin-
ciple of the measurement devices, the results 
obtained from different devices cannot be directly 
 compared. A comparison between three closed-
chamber instruments and four open-chamber 
devices was performed in different models 
(human skin in vivo, hairless mice in vivo, ex vivo 
mouse skin model using gravimetric assay) and 
across a wide range of perturbations (mild, moder-
ate, severe) [ 8 ]. TEWL measurements, with both 
open and closed systems, correlated signifi cantly 
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with  absolute rates of water loss, assessed gravi-
metrically. A high Pearson correlation coeffi cient 
was detectable for data from all instruments vs. 
gravimetrically assessed TEWL. Nonetheless, 
all methods could be infl uenced by the microcli-
matic changes near the skin surface. Hence, the 
measurements must be performed in climatized 
rooms with controlled air temperature and relative 
humidity without direct airfl ow into the test fi eld.  

32.3     TEWL Measurement 

 TEWL is a very sensitive parameter and could be 
infl uenced by numerous variables. Its assessment 
should be performed in accordance to a study 
protocol. A comprehensive guide on the practical 
use of noninvasive biophysical methods in skin 
physiology and cosmetic studies has recently 
been published [ 9 ]. Nevertheless herein some 
practical aspects in performing the TEWL mea-
surement include:

•    Perform measurements always (when 
 possible) in a climatized room with temper-
ature 18–21 °C and relative humidity of 
40–60 %.  

•   Allow adequate acclimatization time of the 
study volunteers – 20–30 min prior to the fi rst 
measurement.  

•   Keep in mind the circadian rhythm: perform 
measurements at the same daytime and sea-
son; avoid measurements during summer.  

•   Avoid direct airfl ow and direct light (could 
result in temperature increase) at the test site.  

•   Consider inter- and intra-individual variability 
in TEWL when calculating the size of the of 
the study population.  

•   Allow an equilibration time of about 20 s until 
a steady state is reached due to the heating of 
the sensors (shorter for devices with the pre-
heating function).  

•   Allow for the vapor remnants in the probe to 
dry after each measurement (seconds), when 
performing repeated measurements.  

Temperature sensor 1

Relative humidity sensor 1

Temperature sensor 2

Relative humidity sensor 2

  Fig. 32.1    TEWL measurement and a schematic overview of the open-chamber device measuring probe       
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•   Perform at least two consecutive measure-
ments of neighboring areas of each test site 
but avoiding the measure from the exactly 
same site due to possible occlusion.  

•   Place the probe perpendicular to the skin sur-
face applying a minimal constant pressure.  

•   Do not moisten and damp the probe.  
•   The interval from the last product (cosmetic, 

topical drug) application should be at least 
12 h; otherwise the occlusion effect of the prod-
uct itself or its remnants is measured instead of 
its effects on the epidermal barrier properties.  

•   The interval from the last skin cleansing 
should be at least 2–4 h.     

32.4     Variables Infl uencing 
the Measurement 

 Beyond instrument- and environment-related 
variables, a number of individual-originating fac-
tors infl uence the measurement and should be 
taken into account, e.g., anatomical site, sweat-
ing, and skin surface temperature [ 3 ,  4 ]. 
Table  32.1  summarizes the possible factors infl u-
encing TEWL measurement. 

      Conclusion 

 To conclude, TEWL also known as “ insensible 
water loss” is universally recognized to be a 
measure of skin barrier function at baseline 
and after experimentally induced barrier per-
turbations and following the application of 
topical substances on the skin surface. Open-
chamber methods are accepted as standard 
approach for the in vivo assessment of TEWL. 
Results should be interpreted critically and 
the effect of different instrument-, subject-, 
and environment-related variables must be 
considered.     
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   Table 32.1    Infl uence of individual- and  environment- related 
variables on the measurement of transepidermal water loss 
(TEWL)   

 Variable 

 Infl uence on 
TEWL 
measurement 

 Individual related  Age  + 
 Gender  − 
 Race/ethnicity  +/− 
 Anatomical site  + 
 Skin temperature  + 
 Sweating  + 
 Intake of 
vasoactive 
substances (drugs, 
caffeine, nicotine) 

 + 

 Environment 
related 

 Air convection  + 
 Ambient 
temperature 

 + 

 Humidity  + 
 Direct light  + 
 Season  + 
 Circadian rhythms  + 

   Used symbols: “+” infl uencing, “−” no infl uence, “+/−” 
controversial data  
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33.1            General Introduction 

 The presence of an adequate amount of water in 
the stratum corneum is important for the follow-
ing properties of the skin: general appearance of a 
soft, smooth, well-moisturized skin in contrast to 
a rough and dry skin and a fl exible skin in contrast 
to a brittle and scaly skin and of an intact barrier 
function [ 1 – 27 ]. There is no universally accepted 
theory for explaining the situation of dry skin. 
Some consider dry skin related to disorders of 
corneocyte adhesion and desquamation (rough 
and scaly surface), modifi cations in the composi-
tion of certain epidermal lipids, or disorders of the 
water-retaining properties of the horny layer 
[ 28 ,  29 ]. Few data confi rm that a situation of dry 
skin is linked solely to a diminution of the water 
content of the horny layer. However, the positive 
physiological effects of topical hydrating prod-
ucts in relieve of the condition of dry skin is uni-
versally confi rmed [ 14 – 26 ]. As a consequence, 
given the fact that the presence of an adequate 
amount of water is an essential prerequisite for the 
maintenance of the normal structure and proper-
ties of the stratum corneum, the in vivo determi-
nation of the hydration degree of the horny layer 
is an important factor in the characterization of 

the normal horny layer but also in the assessment 
of the effi cacy of various topical hydrating prod-
ucts. It has been assumed for a long time that the 
electrical properties of the upper part of the skin 
are related to the water content of the horny layer 
[ 3 – 26 ]. The total impedance of the skin  Z , when 
the skin is submitted to an alternating current of 
frequency  F , depends on the contribution of the 
resistance  R  and the capacitance  C , placed in par-
allel responding to the following relation: 
 Z  = ( R  2  + 1/2 ΠFC  2 ) ½ , [ 2 ,  12 ,  18 ,  23 ,  29 ,  30 ]. By 
using an adequate design of the measuring elec-
trodes, frequency of the current and design of the 
oscillating electronic circuit, the apparatus mea-
sures either (1) the conductance contribution 
(reciprocal of resistance) of the impedance, (2) 
the capacitance contribution of the impedance, or 
(3) the total impedance (combination of both 
parameters) [ 18 ,  29 ]. A certain number of instru-
ments are commercially available using different 
techniques, widely used in dermato-cosmetic 
research and development, and were described in 
different handbooks and publications [ 3 – 5 ,  9 ,  10 , 
 15 ,  17 – 19 ,  22 – 27 ,  30 ,  31 ]. 

 This chapter is mainly concerned with the 
description of the measurements of the epider-
mal capacitance using the capacitance method 
as developed by Courage-Khazaka for the 
Corneometer [ 19 ]. Different aspects of the use of 
this capacitance instrument will be described in 
this chapter. An in vitro design was used for cali-
bration, consisting of a determination of measure-
ment depth, an estimation of the effect of dielectric 
constant of various solvents, the effect of ions, and 
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 desorption hydration measurements. An in vivo 
design was used to evaluate the accuracy, intrain-
dividual repeatability, range of measurements, and 
infl uence of probe application pressure.  

33.2     Principle of Electrical 
Measurement 

33.2.1     Measuring Probe and 
Capacitance Hydration Units 

 By using an adequate design of the measur-
ing electrodes, frequency of the current, and 
design of the oscillating electronic circuit, the 
Corneometer apparatus measures primarily the 
capacitance contribution of the skin in contact 
with the measuring electrodes [ 12 ,  18 ,  24 ,  30 ]. 

 The measuring probe consists of an interdigi-
tal grid of gold-covered electrodes. The active 
part of the electrode covers a surface of 7 × 7 mm 
(Fig.  33.1 ). The electrodes are 50 µm wide with 
an interdigital spacing of 75 µm. The electrode is 
covered by a low dielectric-vitrifi ed material with 
a thickness of 20 µm. The total probe surface (sur-
face area 0.95 cm 2 ) is applied on the skin with a 
constant pressure using a spring system. The mea-
suring probe of the instrument, which used an ana-
log signal in the past, has been updated to digital 
technology, resulting in a better stability and less 
interference [ 32 ]. When an alternating current is 
applied at the surface of the skin, the form and depth 
of the electric fi eld  present in the skin depends on 
the geometry of the electrodes and the dielectric 
material covering the electrodes (constant capaci-

tance  C  0 ) and of the capacitance of the skin in con-
tact with the electrode (variable capacitance  C ). 
As a consequence, the whole system (electrode 
and the upper parts of the epidermis) works as a 
variable capacitor. The total capacitance is infl u-
enced by changes in the dielectric constant of the 
biomaterial in contact with the electrode. The total 
capacitance of this system varies as a function of 
the degree of hydration of the skin (mostly in the 
horny layer). A resonating system in the instru-
ment measures the frequency shift of the oscillat-
ing system, which results from the changes in the 
total capacitance of the skin surface. In the case of 
the analog and digital probe of the Corneometer, 
the frequency shifts from 0.95 MHz for a hydrated 
medium to 1.15 MHz for a dry medium [ 18 – 30 ]. 
The variable and total capacitance of the skin sur-
face is converted into arbitrary units (a.u.) of skin 
hydration. The Corneometer provides, as all other 
electrical methods, an indirect measure for hydra-
tion of the stratum corneum and no absolute values 
of water (percent nor weight of water per volume) 
are given. The a.u. do not correspond to electri-
cal capacitance units (Farad). The mathematical 
relation between a.u. of capacitance hydration 
and the amount of water is complex and certainly 
not linear. The theoretical range of the instrument 
varies from 0 to 120 a.u. In the latest version, the 
hydration probe is connected to a central multi-
probe unit (MPA), which operates on a PC using 
adapted Windows software developed by Courage-
Khazaka [ 33 ]. To warrant a constant pressure of 
the probe on the skin surface, a spring system is 
incorporated. According to the manufacturer, the 
pressure of the old analog probe is in the range of 

Lateral view of the electrode

Skin surface

Front view of the electrode

  Fig. 33.1    Schematic representation of the measuring 
probe of the capacitance apparatus (Corneometer CM 
825). Front and lateral views of the interdigital electrodes. 

The electrodes are covered with a vitrifi ed material and 
consequently not in direct contact with the skin surface 
(Taken from Barel and Clarys [ 30 ], with permission)       
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1.1–1.8 N, whereas the new digital probe operates 
at a lower pressure (about 1 N or less) [ 33 ].

33.3         In Vitro Measurements 

33.3.1     In Vitro Calibration 
of the Corneometer 

 The Corneometer is factory calibrated using an in 
vitro method [ 34 ]. The principle of this in vitro cali-
bration system developed for the Corneometer by 
Courage-Khazaka is based on the use of a Courage-
Khazaka reference fi lter pad soaked with a calibra-
tion solution (saturated NaCl solution in water). 
With this impregnated fi lter pad, one obtains a max-
imal hydration value of 120 ± 5 a.u. When covering 
the surface of the impregnated pad with one layer of 
a polyurethane foil of 15 μm thickness, one should 
obtain a hydration value of about 20 ± 5 a.u. A cali-
bration certifi cate is furnished by the manufacturer 
with, respectively, the high reference values (120 ± 5 
a.u.) and low reference values (20 ± 5 a.u.) [ 34 ].  

33.3.2     In Vitro Effect of Ions on 
the Hydration Measurements 

 The effect of ions on the capacitance hydration 
measurements was analyzed on the Courage- 
Khazaka calibration fi lter pad [ 34 ] saturated 
with various aqueous solutions with different ion 
 concentration, ranging from ultrapure distilled 
water to a saturated NaCl solution (Table  33.1 ) 
[ 35 ,  36 ]. The experimental capacitance hydra-
tion values (mean value of 119.8 ± 0.2 a.u.) agree 
very well with the proposed nominal maximum 
value given by the manufacturer. The infl uence 
of electrolytes on capacitance hydration mea-
surements is minimal: only 1.8 % increase in 
capacitance value was observed when compar-
ing ultrapure distilled water (no salts) with a 
saturated NaCl solution. As claimed by the man-
ufacturer, the capacitance hydration measure-
ments are not infl uenced by the presence of 
electrolytes, which constitutes one of advantages 
of the capacitance method, compared to other 
measurements methods. Presence of salts in hydra-

tion products which are applied to the skin have 
only minimal infl uence on the measurements [ 37 ].

33.3.3        In Vitro Determination 
of Depth of Hydration 

 The manufacturer of the Corneometer claims a 
measuring depth of 10–20 μm corresponding to the 
fi rst layers of the stratum corneum [ 37 ]. In order to 
determine the depth of hydration measurements, 
measurements were performed on the Courage-
Khazaka calibration fi lter pad saturated with dis-
tilled water. Consecutively, the fi lter pad was 
covered with an increasing number of sheets of 
polyurethane plastic foil of 15 μm thickness each. 

 Hydration values were obtained with, respec-
tively, 0, 1, 2, 3, 4, and 5 sheets of plastic foil (see 
results in Table  33.2 ), [ 35 ,  36 ].

   The experimental capacitance hydration values 
obtained with the analog (20 ± 1 a.u) and digital 

   Table 33.1    In vitro capacitance hydration measurements 
on the Courage-Khazaka fi lter pad saturated with different 
aqueous solutions   

 Solution  Corneometer (a.u.) 

 Ultrapure distilled water  117.7 ± 0.4 
 Ordinary distilled water  118.8 ± 0.4 
 Tap water  118.2 ± 1.9 
 0.15 M NaCl  119.1 ± 0.5 
 C-K calibration solution  119.8 ± 0.2 

  Adapted from Clarys et al. [ 36 ] 
 Mean values and SD  

    Table 33.2    In vitro capacitance hydration measurements 
(analog and digital probe) in function of the number of 
plastic sheets covering the Courage-Khazaka calibration 
fi lter pad saturated with distilled water   

 Number of 
layers 

 Analog probe 
(a.u.) 

 Digital probe 
(a.u.) 

 0  117 ± 2  117.5 ± 1.2 
 1  20 ± 1  19.4 ± 1.8 
 2  12 ± 1  9.3 ± 0.5 
 3  9 ± 1  5.4 ± 0.8 
 4  8 ± 1  4.6 ± 0.7 
 5  7 ± 1  4.0 ± 0.5 

  Adapted from Clarys et al. [ 36 ] 
 Mean value and SD of 20 measurements  
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probe (19.4 ± 1.8 a.u.) when covering the saturated 
fi lter pad with one foil of 15 μm thickness agree 
very well with the proposed nominal value given by 
the manufacturer (20 ± 5 a.u.) and consequently can 
be used as an in vitro calibration of the instrument. 
As shown in Table  33.2 , a reduction of about 92 % 
in hydration values (analog probe) and 95 % (digi-
tal, probe) were obtained when covering the calibra-
tion pad with three layers of foil (45 μm thickness). 
These results indicate that the penetration depth of 
the electrical fi eld with both probes of the 
Corneometer is of the order of magnitude of 45 µm, 
much higher compared to the claims of the manu-
facturer (10–20 μm) [ 37 ].  

33.3.4     In Vitro Capacitance 
Hydration Measurements 
on a Filter Pad Saturated with 
Organic Liquids of Different 
Dielectric Constant 

 The capacitance hydration values (digital probe) 
for mineral oil, various alcohols, and water/ethanol 
solutions are shown in Table  33.3 . A signifi cant 
correlation was found ( r  = 0.922) between the 
dielectric constant and capacitance values. These 
capacitance hydration data obtained with the 

 digital probe confi rm the reported relation between 
capacitance hydration obtained by the older analog 
probe and the dielectric constant of the liquid satu-
rating the fi lter pad [ 35 ,  36 ,  38 ,  39 ]. Clearly these in 
vitro measurements on a fi lter pad saturated with 
solvents of different dielectric constant contribute 
to validate the eventual use of an organic solvent of 
known dielectric constant as a possible external 
standard for calibration of the method [ 35 ,  36 ].

33.3.5        In Vitro Desorption 
Measurements on Cellulose 
Filter or Courage-Khazaka 
Calibration Filter Pad 

 After impregnation of the porous fi lter pads with a 
known amount of distilled water, the desorption of 
the fi lter due to evaporation of the water was fol-
lowed by capacitance hydration measurements 
(digital probe). Simultaneously, the remaining 
weight of the water content in the fi lter was deter-
mined using a precision balance. Figure  33.2  shows 
the desorption curves of the fi lter pad impregnated 
with a certain amount of water as followed by 
capacitance hydration and weight in function of 
time [ 36 ]. A signifi cant high correlation was 
obtained between the amount of water present in 
the fi lter and capacitance hydration values ( r  = 0.89, 
 P  < 0.001). However, Fig.  33.2  indicates that at 
higher water content, the capacitance curve is not 
following the curve of the amount of water as indi-
cated by weight. Similar water desorption curves 
were observed with the capacitance measurements 
as followed with the older analog probe [ 35 ] and 
with the conductance measurements [ 17 ,  27 ]. 
Again, these in vitro desorption curves confi rm that 
capacitance measurements are related to the 
amount of water present in the fi lter pads.

33.4         In Vivo Measurements 

33.4.1     Range of Hydration 
Measurement of the 
Capacitance Instrument 

 When considering different skin sites in healthy 
volunteers, a complete range of hydration values 
going from very dry (foot sole, hand palm), dry 

   Table 33.3    In vitro capacitance hydration measurements 
(digital probe) on Courage-Khazaka calibration fi lter pads 
saturated with liquids of different dielectric constants   

 Solvent 
 Dielectric 
constant 

 Corneometer 
(a.u.) 

 Mineral oil  2–3  11 ± 2 
 2-Ethyl-1-hexanol  10.3  20 a  
 Cyclohexanol  15.0  33.1 ± 0.5 
 1-Butanol  17.8  58 ± 3 
 2-Propanol  18.9  41 a  
 1-Propanol  21.8  63 ± 6 
 Ethanol  24.9  76 ± 6 
 Ethanol 90 %  30.4  60 a  
 Methanol  32.6  85 ± 3 
 Ethanol 50 %  52.5  99 ± 5 
 Ethanol 50 %  52.5  83 a  
 Ethanol 66 %  61.7  102 ± 5 
 Water  80.2  118 ± 2 
 Correlation  r  ( p )  0.922 ( p  < 0.01) 

  Adapted from Clarys et al. [ 36 ] 
 Mean values and SD 
  a Adapted from Bielfeldt et al. [ 39 ]  
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(knee front, forearm dorsal, volar upper arm), 
hydrated (volar forearm, leg, calf, cheek, and abdo-
men), to very hydrated (forehead, forearm volar) 
was envisaged. For each chosen skin site, a test area 
(2 × 2 cm) was delimitated. It was assumed that the 
chosen test area presents more or less a homoge-
nous hydration status. In the selected areas, in order 
to evaluate the intraindividual variation, 20 consec-
utive capacitance hydration measurements were 
carried out. Particular care was taken to avoid con-
secutive measurements on the same skin spot in 
order to avoid an occlusive effect provoked by the 
probe surface. The observed hydration values (see 
Table  33.4 ) range from 4.4 to 90.8 a.u., with the 
digital probe and from 8.3 a.u. (very dry) to 88.8 a.u. 
as measured with the analog probe [ 36 ]. A high sig-
nifi cant correlation ( r  = 0.99,  P  < 0.001) was 
observed between the analog sensor and the digital 
sensor technology of the Corneometer. This is com-
pletely in line with the results observed in a previ-
ous multicenter study in Germany (DGK Skin Task 
Group) [ 40 ]. This group proposed a new defi nition 
of, respectively, very dry, dry, and normal state of 
hydration of the skin, based on capacitance mea-
surements using the Corneometer CM 825 appara-
tus. Three categories of moisture-related skin 
types were proposed: very dry skin corresponds to 

hydration values below 30 a.u., dry skin corre-
sponds to values between 30 and 40 a.u., and nor-
mal skin corresponds to values above 40 a.u. [ 40 ].

33.4.2        Intraperson Coeffi cient 
of Variation 

 The mean value of the intraperson coeffi cient of 
variation as analyzed in function of the different 
skin regions, corresponding to a wide range of 
hydration values, demonstrates a negative relation 
with the hydration values (see Fig.  33.3a, b ) [ 36 ]. 
The correlations were, respectively,  r  = −0.66 for 
the analog probe and  r  = −0.63 for the digital 
probe. The strongly reduced variability noticed 
for the capacitance hydration measurements at the 
well-hydrated skin areas may be an indication for 
the decreasing sensitivity of the instrument at the 
higher end of the measurement scale. The mean 
value of the coeffi cient of variation over the total 
range of hydration values is 8.7 ± 2.3 % for the 
analog probe and 7.2 ± 3.1 % for the digital 
probe. The intraperson coeffi cients of variation 
for the capacitance method are smaller than those 
observed for the conductance method 
(C.V. = 10.0 ± 3.3 % for the Skicon- 200EX) [ 36 ].
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  Fig. 33.2    Water desorption curves performed on cellu-
lose fi lter disk after initial application of 150 μl water on 
the fi lter. Capacitance values (a.u.),  square symbols     and 

weight of the adsorbed water (mg),  triangle symbols  in 
function of time (Adapted from Clarys et al. [ 36 ])       
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33.5         Infl uence of External Factors 

33.5.1     Infl uence of Probe Application 
Pressure on In Vivo 
Capacitance Measurements 

 The measuring probe involves the application of 
the electrode at a well-defi ned pressure on the 
skin in order to ensure a constant contact between 

the probe and the skin surface [ 6 ,  39 ,  42 – 46 ]. 
Practically, the manufacturer tries to ensure this 
constant pressure by means of a spring system. 
For the Corneometer, the realization of the 
 capacitance measurement is indicated by an 
acoustic signal triggered by an electromagnetic 
contact in the probe during displacement of the 
spring. The nominal values of the force of the 
probe are between 1.0 and 1.8 N, which corre-
sponds to the full displacement of the spring [ 33 ]. 
When considering the validation of the capaci-
tance measuring method, one must take into 
account the possible infl uence of the differences 
in the spring force of the measuring probe on the 
hydration values obtained. Inter-instrumental dif-
ferences were observed between the analog probe 
(1.1–1.8 N) and the digital probe (about 1.0 N or 
less) [ 39 ,  41 – 46 ]. Furthermore, it is possible to 
trigger the hydration measurement at, respec-
tively, lower pressure (incomplete compression 
of the spring) and at higher pressure (complete 
compression of the spring) for both type of 
probes (analog probe; low applied pressure 
=1.16 ± 0.07 N and high applied pressure 
=1.80 ± 0.07 N and digital probe; low applied 
pressure =0.52 ± 0.04 N and high applied pres-
sure =0.78 ± 0.06 N). Consequently it is possible 
to carry out capacitance hydration measurements, 
respectively, at a low and a much higher force of 
application of the probe on the skin surface [ 42 ]. 

 Comparative capacitance measurements (ana-
log and digital probe) were carried out with, 
respectively, half-way (low pressure) and full dis-
placement (high pressure) of the spring in vivo. 
A complete range of hydration values going from 
very dry to well-hydrated skin was investigated 
(Table  33.5 ).

   Signifi cantly higher hydration capacitance 
measurements were observed when applying the 
digital probe with a higher pressure on the skin 
surface. The percent increase of hydration was 
very high (40 %) for a very dry/dry skin, moder-
ately higher (20 %) for a normal skin, and low 
(5–8 %) for a hydrated skin. Similar results were 
observed with the analog probe [ 42 ]. 

   Table 33.4    In vivo intraindividual measurements of 
hydration on different body sites in 20 healthy volunteers 
corresponding to a wide range of levels of hydration of the 
stratum corneum with corresponding coeffi cient of 
variation   

 Capacitance  CV  Capacitance  CV 

 Digital a.u.  %  Analog a.u.  % 

 4.4 ± 0.4  9.1  8.3 ±0.9  11.3 
 4.6 ± 0.7  14.2  14.3 ±4.0  9.9 
 14.9 ± 1.6  10.7  19.0 ±2.2  11.6 
 20.8 ± 2.8  13.5  24.8 ±2.4  9.7 
 23.3 ± 1.8  7.7  27.5 ± 3.3  12 
 24.9 ± 2.4  9.6  27.7 ±2.5  9.0 
 25.6 ± 2.2  8.6  28.7 ±2.7  9.4 
 25.7 ± 2.9  11.3  29.0 ±2.8  9.7 
 28.0 ± 1.7  6.1  31.8 ±3.7  11.6 
 30.2 ± 1.6  5.2  33.9 ±2.1  6.2 
 30.8 ± 1.8  5.8  36.8 ±4.6  12.5 
 33.3 ± 1.5  4.5  33.9 ±2.1  6.2 
 37.3 ± 1.3  3.5  36.8 ±4.6  12.5 
 37.7 ± 2.7  7.2  41.7 ±3.1  7.4 
 46.4 ± 3.4  7.3  41.9 ±2.4  5.6 
 51.3 ± 2.3  4.4  44.6 ±3.6  8.1 
 53.8 ± 5.4  10.0  49.7 ±5.5  11.0 
 57.3 ± 4.5  7.8  52.3 ±4.6  8.8 
 58.8 ± 5.0  8.5  57.0 ±5.0  8.8 
 61.1 ± 2.6  4.3  62.4 ± 4.2  6.8 
 62.9 ± 1.7  2.7  65.4 ±5.2  8.0 
 64.8 ± 1.8  2.8  68.2 ±5.0  7.3 
 71.5 ± 3.5  4.9  71.3 ±5.6  7.8 
 87.7 ± 5.2  5.9  83.9 ±5.2  6.2 
 90.8 ± 3.5  3.8  88.8 ± 2.1  2.4 

  Adapted from Clarys et al. [ 36 ] 
 Intraperson coeffi cient of variation in %, mean values, 
and SD of 20 measurements 
 Correlation between digital and analog Corneometer: 
 r  = 0.98,  p  < 0.05  
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 When considering in vivo experiments with 
both probes, the pressure effect is considerable 
for measurements at dry skin surfaces, and the 
pressure effect decreases as the hydration sta-
tus of the skin surface increases. Similar results 
were observed when examining fi ve different 
Corneometer probes with different spring forces 
[ 39 ]. Several hypotheses can be forwarded to 
explain this hydration status – dependent pressure 
effect. At a low pressure, the probe surface may 
not be completely in contact with the irregular 
rough surface of the dry skin, resulting in insuf-
fi cient capacitive material. At a higher pressure, 
complete contact may be obtained, resulting in 
a better response to the applied current. Another 
hypothesis is that at higher pressure, deeper lay-
ers contribute in the measurement. This phenom-
enon may be more pronounced in dry skin, where 
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  Fig. 33.3    ( a ,  b ) The 
coeffi cient of intraperson 
variability (CV in %) of 
capacitance hydration 
measurements on different 
skin sites. ( a ) Analog probe 
and ( b ) digital probe (Adapted 
from Clarys et al. [ 36 ])       

   Table 33.5    In vivo infl uence of pressure application of 
the probe on capacitance values (digital probe) on 10 dif-
ferent skin sites in 20 volunteers   

 Low pressure 
(a.u.) 

 High pressure 
(a.u.) 

 Percent 
increase 

 8.8 ± 1.8  12.6 ± 1.8*  43 
 16.3 ± 2.1  23.2 ± 2.8*  42 
 22.4 ± 3.4  31.4 ± 3.5*  40 
 23.4 ± 1.9  30.6 ± 1.8*  31 
 27.5 ± 4.5  37.5 ± 5.5*  35 
 32.7 ± 2.1  40.5 ± 1.4*  24 
 57.4 ± 4.6  65.0 ± 2.6*  13 
 57.7 ± 4.8  63.7 ± 2.6*  10 
 65.4 ± 7.7  69.9 ± 6.9  7 
 73.7 ± 3.0  75.8 ± 3.4*  3 

  Adapted from Clarys et al. [ 42 ] 
 Mean values and SD. Percent increase when comparing a 
low- and a high-pressure application on the skin 
 * t -test ( p  < 0.05); when comparing a low and a high pres-
sure of application on the skin surface  
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the water gradient between the uppermost layers 
and the deeper layers is considerable. High pres-
sure may compress the uppermost dry layers and 
collect information from deeper, more hydrated 
layers. Such an effect may be weaker or minimal 
in a well-hydrated skin. 

 These results demonstrate the importance of 
the physical contact between the probe and the 
skin surface and the application of a constant 
pressure of the probe on the skin surface, sug-
gesting clearly, the possible infl uence of a manip-
ulation effect [ 45 ]. In the process of validation of 
capacitance hydration measurements, a prelimi-
nary determination of the pressure of the applica-
tion of the probe to be used with total compression 
of the spring using a balance is strongly recom-
mended before undertaking a study with different 
instruments or when comparing the results of dif-
ferent laboratories.  

33.5.2     Infl uence of Environmental 
Temperature, Relative 
Humidity and Season 

 Several publications described the environment- 
related variables, which could infl uence electrical 
hydration measurements. Hence, guidance meth-
ods for standardization were suggested [ 18 ,  30 , 
 43 – 45 ]. 

 The hydration of the skin using the analog 
probe was examined under constant temperature 
(20 ± 2 °C) in function of an increase in relative 
humidity (from 37 to 87 %). A linear relation 
( r  = 0.98) was observed between hydration, as 
measured by the capacitance method and the 
external relative humidity [ 30 ]. As a conse-
quence, capacitance hydration measurements 
must be performed in an experimental room 
where the relative humidity is kept more or less 
constant (ideally 50 ± 5 % RH). Similarly, a 
steady increase of capacitance was observed in 
function of temperature above 22 °C, which cor-
responds to a higher hydration of the horny layer 
and the beginning of invisible perspiration [ 44 ]. 
The temperature of the experimental room must 
be kept constant and preferably below 22–23 °C 
(ideally 20–21 °C). 

 It is well known that during the winter, a dry, 
rough, sometimes scaly skin may be present in 
older people or other sensitive persons at the 
lower legs and other anatomic skin sites (winter 
xerosis). This clinical picture is ideal for evaluat-
ing a moisturizing effect. In contrast the skin is 
optimally hydrated in summer due to the gener-
ally high external humidity. This situation is not 
suited to demonstrate the favorable effect of 
moisturizing products. Seasonal variations of 
temperature and humidity have to be taken in 
account when doing long time hydration studies. 
Due to possible large climatic variations in the 
summer period, testing should be avoided in the 
months of June, July, and August in the north- 
western countries [ 18 ,  30 ,  43 ,  45 ].   

    Conclusions 

 Different methods of in vitro calibration sys-
tems of capacitance hydration measurements 
on cellulose and fi lter pads were proposed by 
three research groups [ 35 ,  38 ,  39 ] and by the 
manufacturer [ 34 ] and can be used nowadays 
for a preliminary calibration. Using this in 
vitro method, signifi cant correlations were 
established between capacitance hydration 
values and the quantity of water adsorbed on 
the fi lter discs or pad and the quantity of water 
adsorbed on the fi lters and with the dielectric 
constant of the liquids saturating these fi lters. 
Finally the detection of the depth of measuring 
of the capacitance method was determined. 

 The new digital version of the Corneometer 
shows a broad range of hydration readings 
(from 4.4 to 90.8 a.u.) with low intraperson 
variability. The mean value of coeffi cient of 
variability over the whole range of hydration 
values is 7.2 ± 3.1 %. Compared to the older 
analog system, the new digital hydration probe 
shows a lower pressure of application on the 
skin surface: generally less than 1.0 N. The 
probe is very sensitive for evaluating dry/very 
dry skin conditions. However, similar to the 
older analog probe, the new device is less sen-
sitive at very high levels of hydration. As rec-
ommended by many authors, well- standardized 
experimental conditions concerning season, 
ambient conditions, physical contact of the 
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probe with the skin, etc. must be taken in 
account in order to obtain valid, accurate, and 
reproducible experimental data [ 43 – 45 ].     

  Acknowledgments   The authors thank Mr. Gabriel 
Khazaka and Mrs. Diana Khazaka, Courage-Khazaka 
Electronic Köln, for technical information concerning the 
Corneometer CM 825 and MPA.  

   References 

    1.    Blank IH (1952) Factors which infl uence the water 
content of the S.C. J Invest Dermatol 18:433–440  

    2.    Schwan HP (1957) Dielectric properties of living tis-
sues. Adv Biol Med Phys V:147–163  

     3.    Tagami H, Oki M, Iwatsuki K, Kanamura Y, Yamada 
M, Ichijo B (1980) Evaluation of skin surface hydra-
tion in vivo by electrical measurement. J Invest 
Dermatol 75:500–507  

   4.    Tagami H, Kanamaru Y, Inoue K et al (1982) Water 
sorption–desorption test of the skin in vivo for func-
tional assessment of the stratum corneum. J Invest 
Dermatol 78:425–428  

    5.    Lévêque JL, de Rigal J (1983) Impedance methods for 
studying skin moisturization. J Soc Cosmet Chem 
34:419–428  

    6.    Dikstein S, Bercovici PG (1985) Measurement of skin 
surface capacitance at 16 Hz and at other frequencies. 
Bioeng Skin 1:357  

   7.    Moseley H, English JS, Coghill GM, Mackie RM 
(1985) Assessment and use of a new skin hygrometer. 
Bioeng Skin 1:177–192  

   8.    Salter DC (1987) Instrumental methods for assessing 
skin moisturization. Cosmet Toilet 102:103–109  

    9.    Lévêque JL, Grove G, de Rigal J, Corcuff P, Kligman 
AM, Saint Léger D (1987) Biophysical characteriza-
tion of dry facial skin. J Soc Cosmet Chem 82:
171–177  

    10.    Tagami H (1988) Impedance measurements. In: 
Lévêque JL (ed) Cutaneous investigation in health 
and disease. Marcel Dekker, New York, pp 79–111  

   11.    Blichman CW, Serup J (1988) Assessment of skin 
moisture. Acta Dermatol Venereol (Stockholm) 
68:284–290  

     12.    Barel AO, Clarys P, Wessels B, de Romsée A (1991) 
Non invasive electrical measurement for evaluating 
the water content of the horny layer: comparison 
between the capacitance and the conductance mea-
surements. In: Scott RC, Guy RH, Hadgraft J, Bodde 
HE (eds) Prediction of percutaneous penetration – 
methods, measurements, modelling. IBC Technical 
Services, London, pp 238–247  

   13.    Van Neste D (1991) Comparative study of normal and 
rough human skin hydration in vivo: evaluation with 
four different instruments. J Dermatol Sci 2:119–124  

    14.    Gabard B (1994) Testing the effi cacy of moisturizers. 
In: Elsner P, Berardesca E, Maibach HI (eds) 
Bioengineering of the skin: water and the stratum cor-
neum. CRC Press, Boca Raton, pp 147–170  

    15.    Salter DC (1994) Further hardware and measurement 
approaches for studying water in the stratum cor-
neum. In: Elsner P, Berardesca E, Maibach HI (eds) 
Bioengineering of the skin: water and the stratum cor-
neum. CRC Press, Boca Raton, pp 205–215  

   16.    Loden M (1995) Biophysical methods of providing 
objective documentation of the effects of moisturizing 
creams. Skin Res Technol 1:101–108  

     17.    Tagami H (1995) Measurements of electrical conduc-
tance and impedance. In: Serup J (ed) Handbook of 
non-invasive methods and the skin. CRC Press, 
London, pp 159–164  

         18.    Barel AO, Clarys P (1995) Measurement of epidermal 
capacitance. In: Serup J (ed) Handbook of non- 
invasive methods and the skin. CRC Press, London, 
pp 165–170  

     19.    Courage W (1995) Hardware and measuring princi-
ple. In: Elsner P, Berardesca E, Maibach HI (eds) 
Bioengineering and the skin: water and stratum cor-
neum. CRC Press, Boca Raton, pp 171–175  

   20.    Moss J (1996) The effect of 3 moisturizers on skin 
surface hydration. Electrical conductance (Skicon 
200), capacitance (Corneometer CM420) and tran-
sepidermal water loss (TEWL). Skin Res Technol 
2:32  

   21.    Piérard GE (1997) Charactérisation des peaux sèches, 
la biométrologie complète la clinique. Cosmétologie 
14:48–51  

    22.    Clarys P, Barel AO, Gabard B (1999) Non-invasive 
electrical measurements for the evaluation of the 
hydration state of the skin: comparison between three 
commercial instruments: the Corneometer, the Skicon 
and the Nova DPM. Skin Res Technol 5:14–20  

    23.    Barel AO, Clarys P, Gabard B (1999) In vivo evalu-
ation of the hydration state of the skin: measure-
ments and methods for claim support. In: Elsner P, 
Merk HF, Maibach HI (eds) Cosmetics: controlled 
efficacy studies and regulation. Springer, Berlin, 
pp 57–80  

    24.    Bernengo JC, de Rigal J (2000) Techniques physiques 
de mesure de l’hydratation du stratum corneum in 
vivo. In: Agache P (ed) Physiologie de la peau et 
explorations fonctionnelles cutanées. Editions Médi-
cales Internationales, Cachan, pp 117–162  

   25.    Lee CM, Maibach HI (2002) Bioengineering analysis 
of water hydration: an overview. Exog Dermatol 1:
269–275  

     26.    Barel AO (2002) Product testing: moisturizers. In: 
Elsner P, Berardesca E, Wilhelm KP, Maibach HI 
(eds) Bioengineering of the skin: skin biomechanics. 
CRC Press, Boca Raton, p 241  

      27.    Tagami H (2006) Epidermal hydration: measurement 
of high frequency electrical conductance. In: Serup J, 
Jemec GB, Grove GL (eds) Handbook of non- invasive 
methods and the skin, 2nd edn. CRC Press, Boca 
Raton, pp 329–336  

33 Skin Capacitance



366

    28.    Clarys P, Barel AO (1995) Quantitative evaluation of 
skin surface lipids. Clin Dermatol 13:307–3021  

      29.    Clarys P, Barel AO, Gabard B (2011) Fonction séba-
cée et métrologie de l’excrétion sébacée. In: Revuz J 
(ed) Cosmétologie et Dermatologie Esthétique. 
Elsevier Masson, Paris, pp 1–8  

           30.    Barel AO, Clarys P (2006) Measurement of epidermal 
capacitance. In: Serup J, Jemec GB, Grove GL (eds) 
Handbook of non-invasive methods and the skin, 2nd 
edn. CRC Press, Boca Raton, pp 337–344  

    31.    Gabard B, Clarys P, Barel AO (2006) Comparison of 
commercial electrical measurement instruments for 
assessing the hydration state of the stratum corneum. 
In: Serup J, Jemec GB, Grove GL (eds) Handbook of 
non-invasive methods and the skin, 2nd edn. CRC 
Press, Boca Raton, pp 351–358  

    32.   Khazaka G (2008) Improvement of digital sensor 
technology of the Corneometer CM 825 probe. 
Available from   http://www.courage-khazaka.de/index.
php/en/all-downloads/downloads-en/fi le/6-brochcm
825sm815e      

      33.   Khazaka D (2008) Nominal pressure of application of 
the analogic and digital hydration measuring probe of 
the Corneometer CM 825 and MPA. Available from 
  http://www.courage-khazaka.de/index.php/en/all-
downloads/downloads-en/fi le/28-brochmpae      

       34.   Khazaka G (2008) Technical information of the 
Courage-Khazaka calibration fi lter pad and the in 
vitro calibration of the Corneometer CM 825 (ana-
logic and digital probes). Available from   http://www.
courage-khazaka.de/index.php/en/faq-en/faq-scientifi c-
devices/60-general-questions-on-the-scientific-
measurements#faqsc1      

         35.    Barel AB, Clarys P (1997) In vitro calibration of the 
capacitance method (Corneometer CM 825)- and con-
ductance method (Skicon 200) for the evaluation of the 
hydration state of the skin. Skin Res Technol 3:107–133  

                 36.      Clarys P, Clijsen R, Taeymans J, Barel AO (2012) 
Hydration measurements of the stratum corneum: 
comparison between the capacitance method (digital 
version of the Corneometer 8525) and the impedance 
method (Skicon 200EX). Skin Res Technol 
18(3):316–323  

      37.      Courage-Khazaka technical information of the 
Corneometer Cm 825 (2008) Available from 

  http://www.courage-khazaka.de/index.php/en/faq-en/
faq-scientifi c-devices/61-corneometer      

     38.    Fluhr JW, Gloor M, Lazzerinin SL, Kleesz ZP, 
Grieshaber R, Berardesca E (1999) Comparative 
study of fi ve instruments measuring stratum corneum 
hydration (Corneometer CM 820 and CM 825, Skicon 
200, Nova DPM 9003 and Dermalab). Part I. In vitro. 
Part II. In vivo. Skin Res Technol 5:156–178  

         39.   Bielfeldt S, Brandt M, Gerstenkorn A, Wilhelm KP 
(2010) Capacitance measurement of skin moisture: 
sophisticated calibration of instruments. Available 
from   http://www.courage-khazaka.de/index.php/de/
alle-downloads/downloads-de/file/221-litcm-
multicenter      

     40.    Heinrich U, Koop U, Leveneu-Duchemin MC, 
Osterrieder K, Bielfeldt S, Charcaut C et al (2003) 
Members of the DGK task Force « Skin Hydration », 
multicenter comparison of skin hydration in terms of 
physical, physiological and product dependant param-
eters by the capacitive method (Corneometer CM 
825). J Cosmet Sci 25:31–53  

    41.    André T, De Wan M, Lefèvre P, Thonnard JL (2008) 
Moisture Evaluator: a direct measure of fi ngertip skin 
hydration during object manipulation. Skin Res 
Technol 14:385–389  

       42.    Clarys P, Clijsen R, Barel AO (2011) Infl uence of 
probe application on in vitro and in vivo capacitance 
(Corneometer CM 825) and conductance (Skicon 200 
EX) measurements. Skin Res Technol 17:445–450  

      43.    Wilhelm KP (1989) Possible pitfalls in hydration 
measurements. In: Elsner P, Barel AO, Berardesca E, 
Gabard B, Serup J (eds) Skin bioengineering: tech-
niques and applications in dermatology and cosmetol-
ogy. Karger, Basel, pp 223–234  

    44.    Rogiers V, Derde MP, Verleye G, Roseeuw D (1990) 
Standardized conditions needed for skin surface 
hydration measurements. Cosmet Toilet 105:73–82  

       45.    Berardesca E, European Group for Effi cacy 
Measurements on Cosmetics and Other Topical 
Products (EEMCO) (1997) EEMCO guidance for the 
assessment of stratum corneum hydration: electrical 
methods. Skin Res Technol 3:126–132  

     46.    O’ Goshi KI, Serup J (2005) Inter-instrumental varia-
tion of skin capacitance measured with the 
Corneometer. Skin Res Technol 11:107–109    

A.O. Barel and P. Clarys

http://www.courage-khazaka.de/index.php/en/all-downloads/downloads-en/file/6-brochcm825sm815e
http://www.courage-khazaka.de/index.php/en/all-downloads/downloads-en/file/6-brochcm825sm815e
http://www.courage-khazaka.de/index.php/en/all-downloads/downloads-en/file/6-brochcm825sm815e
http://www.courage-khazaka.de/index.php/en/all-downloads/downloads-en/file/28-brochmpae
http://www.courage-khazaka.de/index.php/en/all-downloads/downloads-en/file/28-brochmpae
http://www.courage-khazaka.de/index.php/en/faq-en/faq-scientific-devices/60-general-questions-on-the-scientific-measurements%23faqsc1
http://www.courage-khazaka.de/index.php/en/faq-en/faq-scientific-devices/60-general-questions-on-the-scientific-measurements%23faqsc1
http://www.courage-khazaka.de/index.php/en/faq-en/faq-scientific-devices/60-general-questions-on-the-scientific-measurements%23faqsc1
http://www.courage-khazaka.de/index.php/en/faq-en/faq-scientific-devices/60-general-questions-on-the-scientific-measurements%23faqsc1
http://www.courage-khazaka.de/index.php/en/faq-en/faq-scientific-devices/61-corneometer
http://www.courage-khazaka.de/index.php/en/faq-en/faq-scientific-devices/61-corneometer
http://www.courage-khazaka.de/index.php/de/alle-downloads/downloads-de/file/221-litcm-multicenter
http://www.courage-khazaka.de/index.php/de/alle-downloads/downloads-de/file/221-litcm-multicenter
http://www.courage-khazaka.de/index.php/de/alle-downloads/downloads-de/file/221-litcm-multicenter


   Part VI 

   Erythema and Blood Flow        



369E. Berardesca et al. (eds.), Non Invasive Diagnostic Techniques in Clinical Dermatology, 
DOI 10.1007/978-3-642-32109-2_34, © Springer Berlin Heidelberg 2014

34.1           A History 

 The four cardinal signs of an infl ammatory 
response are redness, heat, swelling, and pain and 
are said to have been described as early as 

178 AD by Celsus [ 1 ]. Skin irritation and sensiti-
zation are types of infl ammatory processes that 
exhibit these signs. The degree of redness, heat, 
swelling, and pain are proportional to the extent 
of the reaction. For decades patch tests with 
visual assessment of these signs have been the 
cornerstone of evaluating skin irritant and sensiti-
zation reactions. The history of patch testing has 
been reviewed by Devos and van der Valk [ 2 ] 
and, more recently, Lachapelle [ 3 ]. There are 
reports of patch tests being used for dermatologic 
evaluations as far back as 1847 when Städeler 
(Germany) described a method called the blot-
ting paper strip, which he had devised to examine 
the effects triggered by  Anacardium occidentale , 
or the cashew plant. Jadassohn (1896) (Austria) 
applied a mercurial preparation topically and 
reproduced dermatitis in sensitized subjects. 
Bloch (1911) (Basel) described a patch testing 
technique for allergens using visual assessment. 
In the USA, Sulzberger (1931) published on the 
utility of patch testing in the diagnosis of hyper-
sensitivity [ 4 ]. In 1932, Graves described the use 
of patch testing in determining the etiology of 
some types of dermatosis reactions, specifi cally 
in identifying contact sensitization reactions 
from plants [ 5 ]. 

 Unfortunately, these early publications did not 
provide details on the visual assessment of the 
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reactions, but generally described positive reac-
tions as defi nite surface changes on the skin, or 
reactions that included redness, itching, and vesic-
ulation or pustules. Some early authors acknowl-
edged that there were varying degrees of response, 
and specifi ed that a distinction should be made 
between a minimal reaction (mere redness) and 
a maximal reaction (infi ltration, non- purulent, 
and/or purulent bulla). In the 1930s, German 
dermatologists standardized diagnostic patch 
testing to a certain degree describing both patch 
test  technique and scoring of test reactions using 
grading scales [ 6 ,  7 ]. A standard series of patch 
tests for contact sensitization, with a standardized 

grading scale, was published by Bonnevie (1939) 
in Copenhagen (Table  34.1a ) [ 8 ].

   Early patch test appliances used gauze squares 
or blotting paper to hold the test material. These 
were applied to a strip of adhesive tape. A layer 
of oiled silk in between the gauze and the tape 
provided some occlusion. Improvements in 
patching appliances were described by Guild in 
1939 [ 11 ] and Rokstad in 1940 [ 12 ]. These 
authors described the use of a glass square and a 
small plastic chamber, respectively, to hold the 
test substances in place. These early appliances 
developed into a number of standardized patch 
testing systems, such as the Finn chamber, the 
Webril patch, the Hill Top patch, and the Van der 
Bend chamber. The Finn chamber has been 
widely used by the International Contact 
Dermatitis Research Group, the North American 
Contact Dermatitis Group, and many national 
contact dermatitis research groups in routine 
diagnostic testing of patients with suspected con-
tact allergies [ 13 ,  14 ]. 

 In 1944, Schwartz and Peck described in 
greater detail a method of diagnostic patch test-
ing for human subjects in order to identify the 
potential sources of dermatitis reactions [ 9 ]. 
They described the use of gauze squares satu-
rated with the test substance and applied to the 
skin for 24 h. The gauze was covered with a layer 
of cellophane and adhesive tape. A four-point 
numerical scale was specifi ed for scoring, with 
higher numbers indicating more extensive reac-
tions (Table  34.1b ). Interestingly, they also pro-
posed the use of two diagnostic patch tests 
applied 10–14 days apart as a means of predict-
ing if a material was a contact sensitizer, using 
the same four-point scale. This was an early ref-
erence to the use of patch testing in prophetic 
tests for contact sensitization. Protocols for such 
investigations were subsequently developed. 

 In using patch testing for contact allergy, 
authors often stress the importance of avoiding 
irritant reactions that can be diffi cult to distin-
guish from allergic reactions. However, patch 
testing and other protocols involving dermal 
exposure have been developed precisely for the 
purpose of evaluating irritation. In the same year 
as the Schwartz and Peck publication, in response 
to the introduction of many new compounds and 

      Table 34.1    Early standardized visual assessment scales   

 Description 
 Numerical 
equivalent 

 (a) Human diagnostic patch test, 1939 [ 8 ] 
   Spotty erythema  (+) 
   Few or more infi ltrated papules  +, +(+), ++ 
  … with minimal vesicles  ++(+) 
    Typical oozing eczema in the test area  +++ 
    Pronounced erythema, strong 

infi ltration and closely spaced vesicles 
 +++(+) 

  …with bullae  ++++ 
 (b) Human diagnostic patch test, 1944 [ 9 ] 
   Erythema on the area of application  1+ 
   Erythema and edema  2+ 
    Erythema, edema, papules, and a few 

vesicles 
 3+ 

    Erythema, edema, many vesicles, 
and, in some cases, ulceration 

 4+ 

 (c)  Primary irritation, animals and humans, 
1944 [ 10 ] 

  Erythema and eschar formation 
    Very slight erythema (barely 

perceptible) 
 1 

   Well-defi ned erythema  2 
   Moderate to severe erythema  3 
    Severe erythema (beet redness) to 

slight eschar formation (injuries in 
depth) 

 4 

  Edema formation 
    Very slight edema (barely 

perceptible) 
 1 

    Slight edema (edges of area well 
defi ned by defi nite raising) 

 2 

    Moderate edema (area raised 
~1 mm) 

 3 

    Severe edema (raised >1 mm and 
extending beyond area of exposure) 

 4 
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topical preparations to the marketplace, scientists 
at the Food and Drug Administration (FDA) rec-
ognized a need to bring some standardization to 
tests conducted to study local toxicity to the skin 
and mucous membranes [ 10 ]. These FDA scien-
tists described several protocols to evaluate the 
toxicity (acute and repeated dose) and primary 
irritation of dermally applied materials. They 
included a standard visual assessment scale for 
primary irritant reactions on the skin of animals 
and humans whereby numerical values were 
assigned to correspond with descriptions of the 
physiological reactions of redness and edema 
(Table  34.1c ). Such a numerical scale was pro-
posed to facilitate comparisons of different com-
pounds and enable arithmetic interpretations. 

 The use of diagnostic patch testing in humans 
became very widespread in the 1950s and 1960s. 
In 1970, members of the International Contact 
Dermatitis Research Group (ICDRG) published a 
common grading scale to facilitate accurate com-
munication of patch test results (Table  34.2a ) 
[ 15 ]. This scale became widely used for allergic 
contact dermatitis.

   With passage of the Consumer Product Safety 
Act and the creation of the Consumer Product 
Safety Commission (CPSC) in 1972, the regulation 
of consumer product safety was placed at the fed-
eral level, with a common set of uniform standards 
[ 17 ]. The CPSC requested that the Committee on 
Toxicology of the National Academy of Sciences 
(NAS) develop methods for evaluating dermal irri-
tation in animals and humans. These were pub-
lished in a procedures manual in 1977 [ 16 ] and 
used for many years by regulatory agencies, private 
companies, and research organizations. The test for 
skin irritation in animals used the visual assess-
ment scale shown in Table  34.2b . This scale was 
very similar to that described by Draize et al. [ 10 ] 
(Table  34.1c ) except for the addition of scores of 
“0” for no erythema and no edema. 

 The protocol for evaluating skin irritation in 
animals originally published in the 1977 NAS 
procedures manual, and the accompanying visual 
assessment scale, remained virtually unchanged 
for decades. Such protocols were specifi ed by 
worldwide regulatory agencies as part of the risk 
assessment process [ 18 – 20 ]. In addition, the 
American Society for Testing and Materials 

(ASTM) published a version of the protocol [ 21 ]. 
Results of skin irritation testing in animals pro-
vided the essential data for determining if materi-
als or products posed a hazard with regard to skin 
irritation and, therefore, required cautionary or 
warning labeling [ 22 ,  23 ]. This protocol is still 

      Table 34.2    Revised standardized visual assessment 
scales recommended by regulatory agencies and profes-
sional societies (1970s)   

 Description 
 Numerical 
equivalent 

 (a)  Human diagnostic patch test recommended by 
ICDRG (1970) [ 15 ] 

   Not tested  NT 
   Doubtful reaction  ? + 
   Weak (non-vesicular) reaction  + 
    Strong (edematous or vesicular) 

reaction 
 ++ 

   Extreme reaction  +++ 
 (b)  Primary irritation in animals recommended by 

NAS (1977) [ 16 ] 
  Erythema and eschar formation 
   No erythema  0 
    Very slight erythema (barely 

perceptible) 
 1 

   Well-defi ned erythema  2 
   Moderate to severe erythema  3 
    Severe erythema (beet redness) to 

slight eschar formation (injuries 
in depth) 

 4 

  Edema formation 
   No edema  0 
    Very slight edema (barely 

perceptible) 
 1 

    Slight edema (edges of area well 
defi ned by defi nite raising) 

 2 

    Moderate edema (area raised 
~1 mm) 

 3 

    Severe edema (raised >1 mm and 
extending beyond area of exposure) 

 4 

 (c)  Primary irritation in humans recommended by 
NAS (1977) [ 16 ] 

   No response  0 
    Questionable or faint, indistinct 

erythema 
 1/2 or +/− 

   Well-defi ned erythema  1 
    Erythema with slight to moderate 

edema 
 2 

    Vesicles (small blisters) or papules 
(small circumscribed elevations) 

 3 

    Bullous (large blister), spreading, or 
other severe reaction 

 4 
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used by many, although since the 1990s, there 
has been a shift towards alternative methods that 
use fewer or no animals [ 24 ]. 

 A protocol for evaluating irritant reactions in 
humans was also specifi ed in the NAS proce-
dures manual in 1977 [ 16 ]. This protocol differed 
from the recommendation of Draize et al., in that 
it specifi ed a 4-h exposure time rather than 24 h 
and suggested an alternative visual assessment 
scale (Table  34.2c ) based on one developed by 
Marzulli and Maibach in 1975 [ 25 ]. This inte-
grated scoring scale for erythema and edema 
accommodated the wider variety of visible 
responses seen in humans, i.e., papules, vesicles, 
and spreading reactions. 

 The NAS standards published in the 1977 pro-
cedures manual did not specify particular proto-
cols for evaluating contact sensitization in either 
animals or humans; however, several protocols 
were mentioned as being acceptable. For evalua-
tions in animals, these included methods utilizing 
intradermal injection [ 10 ], topical application 
[ 26 ,  27 ], or a combination of injection and topical 
application [ 28 ]. Evaluations in humans included 
protocols utilizing topical application, with [ 29 ] 
or without [ 10 ,  30 ] prior irritation of the patch 
test site. All of these methods used visual assess-
ment to evaluate the results, and many specifi ed a 
scale to score the extent of erythema and a means 
for describing the degree of edema, induration, 
vesiculation, and necrosis. 

 As in the case of test protocols for skin irrita-
tion, standard protocols for evaluating contact 
sensitization using visual assessment scales were 
published worldwide by regulatory agencies [ 31 , 
 32 ] and voluntary testing organizations [ 33 ]. 
Over the years, protocol variations using visual 
assessment scales have developed to evaluate 
contact sensitization in animals [ 34 ,  35 ] and 
humans [ 36 ,  37 ]. As with evaluations of irrita-
tion, there has been a shift in recent years towards 
alternative methods that use fewer animals. 
Methods such as the local lymph node assay are 
being incorporated into the overall approach for 
evaluating sensitization [ 38 ,  39 ]. 

 For decades, visual assessment of skin reac-
tions has been used to evaluate the safety of 
chemicals and preparations that contact the skin 
and to meet regulatory requirements for product 

labeling. However, product manufacturers also 
have a need to evaluate other aspects of dermal 
safety that may not be adequately addressed 
using the protocols discussed above. As a result, 
numerous testing methods have been developed 
to provide information on skin effects and prod-
uct mildness. These protocols vary widely in 
exposure methods and are often tailored for spe-
cifi c types of products and designed to simulate 
or exaggerate actual exposure conditions that 
consumers may experience in the real world. 
Some examples are provided in Table  34.3 . 
This list is not intended to be a comprehensive 
list of all test methods currently available or 
in use, nor is it an endorsement of these meth-
ods. Rather, it is meant to convey the broad and 
diverse nature of test protocols that have evolved 
to  evaluate unique circumstances of exposure. 
While the means of exposures in these tests vary, 
they share a common reliance on a visual scoring 
system to determine skin effects.

34.2        Reliability 

 Visual assessment of skin reactions has been the 
cornerstone of skin testing for decades. Reliable 
testing facilities make every effort to train the skin 
graders thoroughly and to control the grading 
conditions to reduce the potential for variation. 
However, it remains a subjective evaluation, and 
the question is sometimes raised around the 
reproducibility of the evaluation. Investigators 
have conducted studies demonstrating the reli-
ability of visual scoring, as reviewed below. 

   Table 34.3    Examples of test protocols that use visual 
scoring   

 Method  Reference 

 Forearm wash test  [ 40 ,  41 ] 
 Repeat application tests  [ 42 ] 
 Repeat open application tests  [ 43 ] 
 Cumulative irritation tests  [ 43 ] 
 Chamber scarifi cation test  [ 44 ] 
 The Behind-the-Knee test  [ 45 ] 
 Fabric wear test  [ 46 ,  47 ] 
 Extended duration home use test  [ 46 ,  47 ] 
 Soap chamber test  [ 48 ] 
 Chamber-scarifi cation test  [ 49 ] 
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 Falk et al. [ 50 ] investigated agreement in visual 
scoring using both an irritant (sodium lauryl sul-
fate, or SLS) and induced photoreactions. 
Volunteer test subjects were patched with a con-
centration series of SLS (0.5–6 %) and increasing 
exposure to ultraviolet B (UVB) irradiation 
 (42–126 mJ/cm 2 ). Test sites were evaluated by 
both the subjects themselves (on a 2-point scale, 
i.e., “positive” or “negative”) and the investigators 
(using 5-point scales, with any score of > “0” being 
considered a “positive”). In the irritant patch series, 
self-readings correlated well with investigator 
determinations, with absolute agreement in 76.9 % 
of cases. Disagreements occurred when the subject 
reacted to a broad range of concentrations of SLS. 
In these instances, the test subjects tended to 
underreport the reactions. In the UVB series, abso-
lute agreement between investigator and self-read-
ing was found in 85 % of cases. Weighted kappa 
( κ ) for agreement between observations was 0.76 
for SLS reactions and 0.83 for UVB reactions. 

 Ivens et al. [ 51 ] evaluated the agreement in 
visual grading among 5 dermatologists using 
photographs of 55 patch tests performed using 
different allergens. The observers were asked to 
score the patch tests using both the ICDRG stan-
dard 5-point scale and a simplifi ed 3-point scale 
(“positive,” “negative,” and “irritant”). Using the 
ICDRG scale, results showed fair agreement when 
pair-wise comparisons were conducted among 
the fi ve dermatologists, with  κ  values mostly in 
the range of 0.42–0.68 (one outlier produced a  κ  
value of 0.37). Agreement was much higher using 
the 3-point scale with kappa values for pairwise 
comparisons in the range of 0.61–0.80. 

 Uter et al. [ 52 ] also used digital photographic 
images to evaluate the agreement on visual scor-
ing. These investigators used 20 different digital 
images of patch test reactions to contact sensi-
tizers or irritants. These were examined by 122 
participants from several countries. Participants 
included consultant dermatologists, researchers, 
practicing dermatologists, and professors in der-
matology. Each participant rated each image on 
a 5-point scale for contact sensitization or as an 
irritant reaction. On average, 63.5 % of all rat-
ings were in exact agreement. This percentage 
increased to 87.8 % when the ratings were con-
sidered on the basis of nonpositive (no evident 

reaction) and positive (any skin reaction, includ-
ing faint erythema). 

 A systematic study of the agreement on 
 scoring clinical erythema was conducted by 
Lock- Andersen and Wulf [ 53 ]. Twenty-one 
healthy, Caucasian volunteer subjects received a 
series of graded UV exposures (5 increments and 
no exposure) symmetrically on both buttocks, 
resulting in a total of 42 phototests for clinical 
scoring. Twenty to twenty-four hours after UV 
irradiation, eight physicians working in a derma-
tology department where phototesting is a rou-
tine procedure visually scored the erythema 
reactions on a 5-point ordinal scale. Scoring was 
done blinded with the identity of the subjects 
concealed. Each site was scored twice by the 
same physician to evaluate intra-observer agree-
ment. Scores from different physicians allowed 
evaluation of interobserver variation. Observers 
were asked to determine the irradiation dose that 
produced barely perceptible erythema (+) and 
erythema with a well-defi ned border (≥1). 
Variability for determining barely perceptible 
erythema was less than the variability for deter-
mining well-defi ned erythema. For both inter- 
and intra-observer variability, the agreement at 
the lowest dose was high (83.5 and 90.5 %, 
respectively), with  κ  values consistent with 
“good agreement” (0.68 and 0.80, respectively). 
Less agreement was observed as the doses of UV 
increased. At the highest two dose increments 
(i.e., the fourth and fi fth), agreement was “mod-
erate.” Interobserver agreement was 57.1 % 
( κ  = 0.45) and 52.9 % ( κ  = 0.40), respectively, and 
intra-observer agreement was 66.7 % for both 
doses ( κ  = 0.53 and 0.57, respectively). 

 Griffi ths et al. [ 54 ] conducted an intralabora-
tory comparison of results from patch testing of 
volunteer human subjects using eight substances 
and 20 % SLS as a positive irritant control. 
Patches of test substances were applied progres-
sively for up to 4 h to avoid unacceptably high 
levels of irritation. All laboratories scored reac-
tions using the same 4-point scale; however, any 
degree of erythema (i.e., a reaction of “1+” or 
greater) was an indication of a positive reaction 
for irritation. Laboratories were located in the 
UK, Germany, the USA, and China, and studies 
were conducted over a 2-year period (1994–
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1996). Specifi c protocols varied in the total over-
all duration of each patch application and the site 
of reapplication (i.e., the same site or a different 
site). In spite of variations in the protocols, there 
was agreement in approximately 80 % of the 
evaluations between the various laboratories with 
regard to the classifi cation of materials as irri-
tants for the purposes of labeling. 

 All of the above investigations lead to an over-
all conclusion that visual scales are reproducible 
with regard to classifying reactions as “negative” 
or “positive,” meaning it is relatively easy to eval-
uate a reaction for the absence or presence of ery-
thema. Evaluating the intensity of the erythema 
appears to be somewhat less reproducible. This 
would suggest that simplifi ed grading scales may 
be the best approach when comparing results 
from different investigators or different studies. 
However, Basketter et al. [ 55 ] conducted a con-
trolled evaluation of the reproducibility of patch 
test scoring in the testing of irritants using an 
expanded grading scale. Graders were trained 
using a photographic index of possible skin reac-
tions and side-by-side blinded assessment with 
experienced graders. Human volunteers were 
patched (24 and 48 h) with test materials, includ-
ing an irritant control (0.3 % sodium lauryl sul-
fate) and a negative control (water). A total of fi ve 
observers were used for the studies. In each study, 
pairs of observers conducted scoring, each work-
ing independently. Observers were blinded with 
regard to the specifi c test or control sample 
patched at the individual test sites. Skin reactions 
were scored on a 10-point scoring scale where “0” 
was no reaction and “9” was an intense, strong 
erythema that may spread beyond the exposure 
site. In this scoring scale, the bottom half of the 
10-point scale (scores of “0” to “5”) focused on 
minimal or slight reactions. The top half (scores 
of “6” to “9”) was comparable to the more tradi-
tional scoring scale in the description of reactions, 
such as that shown in Table  34.2c . Thus, the scor-
ing scale was designed to differentiate between 
mild to medium reactions. Paired scoring was 
conducted for a total of 1,445 individual assess-
ment points over the course of 3 experiments. In 
just over half (50.31 %), the two scorers gave the 
identical grade (Table  34.4 ). In 1,275 cases 

(88.24 %), scores were within 1 numerical grade 
of  agreement, and in 1,411 cases (97.64 %), 
scores were within 2 numerical grades. In only 34 
of the cases (2.35 %) was the discrepancy 3 or 
more numerical grades out of the 10-point scale. 
This study suggests that relatively subtle degrees 
of erythema could be reliably discriminated by 
observers trained to recognize reactions of vari-
ous intensity using photographic images.

34.3        Visual Scoring Versus 
Bioengineering Methods 

 Visual scoring can be standardized through 
appropriate training and experience. However, 
this method of data collection still involves an 
element of human judgement. A common ques-
tion is whether a purely objective measure would 
increase the robustness of the protocols and 
enable the differentiation of more subtle skin 
reactions. Although bioengineering methods 
have come into more common use for the evalu-
ation of skin reactions and disease states, there is 
little evidence that the use of such bioengineering 
methods improves the sensitivity and overall 
quality of the test result. Further, a potential limi-
tation of bioengineering methods is that each 
measure evaluates only one aspect of the overall 

   Table 34.4    Comparison of visual scoring in human 
patch testing: Interobserver agreement on a 0–9 scale [ 55 ]   

 Difference between 
observers a  

 Frequency over studies 

 Number  Percentage 

 0  727  50.31 
 1  548  37.92 
 2  136  9.41 
 3  16  1.11 
 4  10  0.69 
 5  3  0.21 
 6  3  0.21 
 7  2  0.14 
 0 or 1  1,275  88.24 
 0, 1, or 2  1,411  97.64 
 ≥3  34  2.35 

   a The difference represents the degree of disagreement on 
the numerical scale of 0–9 between two observers scoring 
independently  
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reaction. For example, increases in color inten-
sity (redness) can be measured using spectroradi-
ometers or chromometers. Increases in blood 
fl ow can be measured using laser Doppler fl ow-
meters (LDF). Barrier disruption can be mea-
sured using evaporimeters. Increases in skin 
thickness from edema and vasodilatation can be 
measured using ultrasound scanners. However, 
only visual assessment can evaluate all aspects of 
the reaction simultaneously. A number of investi-
gators have conducted comparative studies 
between visual scoring and the results obtained 
from various bioengineering methods. Some of 
these comparison studies are reviewed below. 

 In a study conducted by Willis et al. [ 56 ], 10 
subjects were patch tested with a series of seven 
irritants and two controls. Reactions were scored 
visually on a 5-point scale and evaluated by LDF. 
The mean LDF readings correlated well with 
visual scores producing a Spearman rank correla-
tion coeffi cient ( r ) 0.91 ( p  < 0.001). In addition, 
the means from LDF measures that corresponded 
to an incremental increase in the visual scores 
were signifi cantly different from each other, i.e., 
the mean LDF for the reactions that were scored 
“0.5” on the visual scale was signifi cantly differ-
ent from the mean for sites that were scored “0” 
and for sites that were scored “1” on the visual 
scale. However, when LDF measures for individ-
ual sites were considered rather than the means, 
there were some notable outliers that were not 
consistent with the visual scores, indicating 
LDF measures may not be always be reliable 
for individual assessments. Also, a minimum 
time to measure blood fl ow at 10 patch sites was 
45 min, compared to 5 min for a visual assess-
ment. In addition, the subject was required to 
lie in a relaxed position in quiet surroundings in 
order to obtain steady LDF readings. The authors 
concluded that LDF was not suitable for routine 
patch testing. 

 Seidenari and Belletti [ 57 ] compared both col-
orimetric and echographic procedures to visual 
scoring. These investigators patched 120 nickel-
sensitive subjects with 40 mg of 5 % nickel sul-
fate and evaluated the reactions at baseline (i.e., 
before patching) and at 72-h post- patching using 
visual, echographic, and colorimetric assess-

ments. They found that  echographic evaluations 
showed signifi cant increases in value for reac-
tions scored visually as “+,” “++,” and “+++.” 
Colorimetric values increased with higher visual 
scores. However, the intense reactions (+++) did 
not differ from the more moderate reactions (++). 

 Agner and Serup [ 58 ] applied increasing con-
centrations of SLS (0.12–1 %) via patch tests on 
the volar surface of forearm of 12 volunteer sub-
jects. Reactions were evaluated at 24 and 48 h on 
a visual scale and by several bioengineering mea-
sures (transepidermal water loss, or TEWL, colo-
rimetry, LDF, and skin thickness using an 
ultrasound scanner). As expected, the mean of 
the visual scores showed a linear dose response 
to increasing concentrations of SLS (statistical 
analysis was not reported). All bioengineering 
measuring methods showed a signifi cant differ-
ence between normal skin and 0.12 % SLS and a 
signifi cant linear dose response. 

 Lahti et al. [ 59 ] conducted a comparative 
study of visual assessment (4-point scale), LDF, 
and three refl ectance erythema meters for mea-
suring erythema reactions. Skin reactions in 15 
subjects were caused by UVB irradiation or two 
well-known substances known to elicit non- 
immunological immediate contact reactions in 
the skin (benzoic acid, or BA, and methyl nico-
tinate, or MN). The correlation between visual 
assessment and the measured values for the BA, 
MN, and UVB reactions was good with all the 
instruments, with the Spearman’s rank order cor-
relation coeffi cient varying between 0.54 and 
0.79 ( p  < 0.001). 

 The use of LDF was evaluated by Wahlberg 
[ 60 ]. Eleven common solvents were applied 
undiluted to the volar surface of the forearm of 
one individual using two different techniques: a 
5-min application inside a 20-mm-diameter glass 
ring or application of 0.1 ml which was allowed 
to spread on the surface and evaporate for 5 min. 
The results showed a similar rank order of 
potency to visual scoring. The author concluded 
that LDF may provide additional information in 
the case of marginal irritant effects; however, it 
cannot replace the traditional visual scoring. 

 In a study by Babulak et al. [ 61 ], the irrita-
tion caused by the six different treatments with 

34 The Use of Visual Grading Scales in Evaluating Skin Irritation and Sensitization



376

soap and detergent bar solutions applied to 
human volar forearms was assessed by three 
measures: visual scoring, Minolta Chroma Meter 
 measurements of redness, and TEWL. All three 
methods of assessment were in agreement and 
showed that two treatments, B and D, were sig-
nifi cantly ( p  ≤ 0.01) less irritating than the other 
four treatments (A, C, E, and F). The correla-
tion coeffi cients between visual scoring and both 
instrumental measures were signifi cant:  r  = 0.97 
for the chroma meter measurement ( p  ≤ 0.003) 
and  r  = 0.86 for TEWL ( p  ≤ 0.03). 

 Zuang et al. [ 62 ] undertook an investigation with 
the goal of determining which of three noninvasive 
methods (LDF, evaporimeter, and colorimeter) was 
the best predictor of the visual scores. Fifty-one 
patients (Caucasian males and females), sensitized 
to various chemicals, participated in the study. A 
standard patch test series containing different test 
allergens was adapted to each patient’s medical his-
tory and applied to the skin of the patients’ backs. In 
total, 133 patch test reactions were evaluated on the 
51 patients in the study. All three instrumental 
methods were useful in discriminating between any 
positive reaction and a negative one. However, with 
regard to the severity of reactions based on the 
visual scale of 1+ to 4+, each of the three instrumen-
tal methods misclassifi ed skin reactions on known 
sensitized subjects in 36–38 % of cases. The per-
centage of misclassifi cations was reduced to 21 % 
when all three methods were used concurrently. 

 Fluhr et al. [ 63 ] evaluated 8 bioengineering 
methods in the assessment of irritant reactions. 
The goal was to determine which of these meth-
ods could detect signifi cant skin changes induced 
by different types of irritation over time. Irritation 
reactions were induced using 5 methods: 2 % SLS 
(6-h patch), tape stripping (tape applied 15 times), 
0.05 % tretinoin (2-h patch), 0.5 % dithranol (2-h 
patch), and ultraviolet exposure (6-s exposure to 
30 Wm −2  UVB and 95 Wm −2  UVA). Measurements 
were conducted prior to irritation induction and at 
24, 48, and 72 h. The results showed that visual 
assessment was more discriminating in detecting 
skin changes over time than colorimetric mea-
surements (red-green and black- white measures), 
capacitance measures, and measures of TEWL. 
Visual assessment performed similarly to 

Mexameter hemoglobin measures and LDF. The 
only method that was more discriminating over 
time than visual assessment was LDF. 

 Magnusson and Koskinen [ 64 ] evaluated the 
effects of topical capsaicin treatment using sev-
eral methods to determine if some were more 
sensitive than others in detecting skin irritation. 
The methods included impedance, visual assess-
ment with measurement of the fl are, panelists’ 
descriptions of cutaneous sensations, LDF mea-
sures of cutaneous blood fl ow changes, and 
impedance monitor measurement of changes in 
the skin. Visual assessment, descriptions of sen-
sations, and LDF measurements produced simi-
lar results and showed a maximum effect at 
approximately 30 min, with resolution after 3 h. 
Electrical impedance did not show any signifi -
cant differences when the values at baseline were 
compared to those after capsaicin application. 

 Ollmar et al. [ 65 ] compared bioengineering 
methods using irritation induced by 24-h patch 
tests with SLS at concentrations ranging from 0.1 
to 5.0 %. Skin sites were evaluated prior to treat-
ment (baseline) and on days 1, 2, 7, and 14 post-
treatment. They found close agreement between 
visual scoring, electrical impedance, and TEWL. 
Electrical capacitance and LDF produced results 
inconsistent with the other measures, and results 
using these methods showed fewer signifi cant 
changes from baseline values. 

 Fullerton et al. [ 66 ] compared laser Doppler 
perfusion imaging in scoring the responses of 
skin sites treated with three irritant materials at 
increasing concentrations (SLS, retinoic acid, 
and nonanoic acid). Visual scoring was con-
ducted using a 0–4 grading scale. Laser 
Doppler perfusion imaging was conducted 
after a 15-min acclimation of subjects in a tem-
perature- and humidity-controlled environ-
ment. A dose response was observed using 
both the visual scoring and the LDF, indicating 
similar discrimination for these two assess-
ment methods. 

 Wigger-Alberti et al. [ 67 ] evaluated the irri-
tancy of 3 metal working fl uids using visual scor-
ing, TEWL, and chromometry. Two exposure 
methods were used to produce irritation: a 24-h 
patch test and a cumulative irritation test (6-h 
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exposure each day for 13 days except on the 
2-day weekend). All methods of evaluation, i.e., 
visual scoring, TEWL, and chromometry, were in 
agreement and produced the identical rank order 
of irritation of the 3 test materials in both expo-
sure models. 

 Held et al. [ 68 ] compared visual scoring with 
the DermaSpectrometer in detecting contact 
sensitization in allergic subjects. The 
DermaSpectrometer measures an erythema index 
based on blood fl ow. The study was designed to 
determine which scoring method better differen-
tiated between degrees of reactivity: visual scor-
ing or measured erythema index. Patients with 
formaldehyde allergy were patched with a con-
centration series (0–10,000 ppm formaldehyde), 
and reactions evaluated. A correlation coeffi cient 
was calculated for the concentration of formalde-
hyde and either the visual score or the erythema 
index. The resulting visual scores showed a 
higher correlation coeffi cient ( r  = 0.60) with the 
applied concentrations than the spectrometer 
measure of erythema index ( r  = 0.35), demon-
strating that the visual scoring was better able to 
discriminate between degrees of reactivity. 

 Andersen and Straberg [ 69 ] evaluated the 
utility of measuring perfusion (via LDF) and 
swelling (via skin fold thickness) in allergic 
contact dermatitis reactions in guinea pigs. 
Contact allergy to chlorocresol was induced in 
guinea pigs using a maximization method, and 
animals were challenged with two concentra-
tions of the substance (1 and 0.1 %). Visual 
scores that were not indicative of sensitization 
were “0” and “1” (no and slight reactions, 
respectively). Scores indicative of sensitization 
were “2” and “3” (moderate and intense reac-
tions, respectively). Measures of perfusion dis-
criminated between animals that were not 
sensitized (i.e., scores of “0” or “1”) versus 
animals that were sensitized (i.e., scores of “2” 
or “3”). Measures of swelling discriminated 
between the severity of the challenge response 
(i.e., between scores of “2” versus scores of 
“3”). Both measures discriminated between the 
challenge concentrations of 1 and 0.1 % in sen-
sitized animals. These authors concluded that 
quantitative methods were useful supplemental 

measures in evaluating interobserver and inter-
laboratory differences.  

34.4     Comparing the Benefi ts 
of Visual Scoring Versus 
Bioengineering Methods 

 Clearly, a key benefi t to bioengineering methods 
over visual scoring is the fact that bioengineering 
methods are purely objective, with no element of 
human judgement. They can directly measure the 
specifi c physiological changes that may occur 
during skin reactions. Quantitative measures of 
barrier function, hydration, changes in blood 
fl ow, etc., can provide insight into biochemical 
changes and mechanisms of action that occur 
over the time course of the reaction. In addition, 
most bioengineering methods provide results on 
a linear, continuous scale, making statistics easier 
to apply. Visual assessment cannot directly mea-
sure these specifi c physiological changes nor are 
the visual scales continuous or necessarily 
linear. 

 Conversely, there are some clear disadvan-
tages to the use of bioengineering methods. 
Some of these parameters, such as blood fl ow, 
skin thickness, and skin pigmentation, can vary 
between individuals or between different regions 
on the body. For bioengineering measures that 
rely on optics, such as LDF, care must be taken 
to avoid applying samples to test sites that may 
have uneven pigmentation, such as blemishes or 
freckles [ 66 ]. Scaling from dryness, a common 
condition with some irritants, may also produce 
optical interference [ 66 ]. Sample application on 
the back may not be appropriate since movement 
from normal respiration may create artifacts [ 66 ]. 
Andersen and Straberg observed effects on mea-
sures of perfusion and swelling due to tape and 
shaving irritation at the test sites [ 69 ]. This is 
only a partial list of some of the controls and con-
siderations necessary when using bioengineering 
measures. A more complete discussion can be 
found in Breternitz et al. [ 70 ]. 

 The use of bioengineering methods adds con-
siderable complexity and cost to the testing proto-
cols. For example, many of these measures can be 
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done effectively only after the subject has accli-
matized in a temperature- and humidity- controlled 
environment. Not only does this requirement add 
steps to the study, it adds to the time commitment 
required of volunteers  considering participation 
in the study. Further, the time required to make 
the measurements is almost invariably longer 
than that required for a trained, visual grader to 
make an assessment. It may be necessary to con-
trol ambient light and temperature using some 
bioengineering measures. As a result, the grader 
must develop an additional set of skills to control 
and monitor these variables. 

 Current test protocols for skin reactions have 
been optimized over decades to provide results 
that can be assessed via visual scoring. These 
protocols continue to serve us well in the practi-
cal evaluation of irritation or sensitization reac-
tions. There is little evidence that bioengineering 
measures improve the sensitivity or overall qual-
ity of current testing methods, as illustrated by 
the preceding discussion of comparative stud-
ies. However, the rapidly evolving bioengineer-
ing techniques will likely prove more useful 
in providing information that will deepen our 
understanding of the processes that occur in 
infl ammation and skin reactions. Physiological 
changes that occur early in the process of irrita-
tion, such as changes in blood fl ow, moisture con-
tent, and pH, would be expected to occur before 
any reaction is visible. In fact, such changes 
undoubtably occur in reactions that never pres-
ent with visible changes, i.e., subclinical reac-
tions. An ability to measure these physiological 
changes may allow us to detect subtle skin effects 
[ 71 ]. We have recently reported that the use of 
cross polarized light to allow visualization of 
subsurface erythema increased the ability to dis-
tinguish between subtle skin effects caused by 
two very similar products following application 
of the materials in a Behind-the-Knee study [ 72 ]. 
In order to fully exploit this new technology, it 
is likely that specifi c protocols need to be devel-
oped with this objective in mind. 

 The usefulness of any scoring method is 
directly related to the purpose of the experiment. 
When evaluating the presence or absence of irri-
tation or sensitization as the result of exposure to 

a material, bioengineering methods tend to pro-
vide information that is not necessary without 
providing a better measure of these endpoints. 
After all, there is no need to use a sledgehammer 
to drive a tack or a caliper to measure a  kilometer. 
Basketter et al. [ 55 ] pointed out that when a rapid 
visual assessment is all that is necessary to meet 
the purpose of the experiment, such an assess-
ment can be done reliably in the hands of a suffi -
ciently trained grader. When benefi ts and cost are 
weighed in the balance, the visual assessment 
scales popularized by Draize and others remain 
an effective, practical method of evaluating skin 
irritation and contact sensitization reactions.     
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35.1            Introduction 

 Testing for potential skin effects is a key part of 
the overall safety assessment and product claims 
support for many consumer products. Modern 
products in the tissue and paper products catego-
ries, including facial tissues, catamenial prod-
ucts, baby wipes, and baby and adult diapers, are 
inherently very mild to skin when tested even 
under very stringent conditions. We have been 
exploring various approaches to increase our 
abilities to differentiate between very similar, 
mild products in order to select the most skin 
compatible ingredients and materials [ 1 ]. One 
approach has been to increase the sensitivity of 
scoring reactions. 

 Visual assessment of skin reactions has been 
used for many decades and represents the corner-
stone of skin irritation testing [ 2 ]. Although it is a 
subjective evaluation, when done by a trained 
individual, it is an inexpensive, reliable, and 
reproducible means of evaluating skin effects. 
However, several bioengineering methods have 

been developed recently that may increase our 
abilities to detect early, subclinical reactions. 

 The development of a high-precision, hand-
held, infrared thermographic scanner has made it 
feasible to conveniently measure localized 
changes in skin temperature such as those that 
may occur as a result of mild reactions to topical 
exposures. Measuring the temperature of the skin 
is noninvasive and painless and, unlike visual 
scoring of erythema reactions, completely objec-
tive. We investigated surface skin temperature 
changes as a result of mild reactions in a number 
of clinical study protocols developed to evaluate 
skin effects. The objective was to determine if 
changes in skin temperature were consistent with 
visual signs of erythema and other endpoints typ-
ically used in the protocols. In addition, we 
wished to determine if incorporating this end-
point into studies commonly used to screen for 
skin responses to consumer products would 
increase the ability to discriminate between simi-
lar, mild products.  

35.2     Materials and Methods 

35.2.1     Subjects 

 All protocols involving human testing were con-
ducted in accordance with the Declaration of 
Helsinki [ 3 ] and were approved by the test facil-
ity’s Institutional Review Board. Subjects were 
healthy, adult volunteers who had signed an 
informed consent. Participation was completely 
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voluntary. Subjects were excluded from 
 participation if they had certain skin abnormali-
ties or health conditions that could adversely 
impact the test. In some studies, subjects were 
identifi ed as having self-assessed “sensitive skin” 
using a questionnaire previously described [ 4 ].  

35.2.2     Test Materials 

 A variety of materials were tested in the various 
studies (Table  35.1 ). All test samples were com-
posed of ingredients and materials that have been 
thoroughly evaluated for safety and skin compat-
ibility. Test products included currently marketed 
feminine protection pads and pantiliners with and 
without lotion included on the surface and a bath-
room tissue. All pads and the pantiliners were 
moistened with 0.3 ml of 0.9 % saline (NaCl) 
prior to application; however, the bathroom tis-
sue sample was tested without moistening. In 

addition to the absorbent products, a lotion 
 sample was evaluated in experiment 2. This 
lotion is a petrolatum-based formulation contain-
ing zinc oxide. Similar formulations have been 
extensively tested for skin compatibility using a 
number of standard protocols [ 5 – 8 ]. In the arm 
patch experiments, 0.1 % sodium lauryl sulfate 
(SLS) and normal saline (0.9 % NaCl) were used 
as positive and negative controls, respectively.

35.2.3        Evaluating Responses 

 For all exposure protocols, unaided visual assess-
ment of test sites was conducted by an expert 
grader under a 100-W incandescent daylight blue 
bulb. Scoring for erythema and dryness were 
done using numerical scales previously described 
[ 9 ,  10 ] where “0” indicates no apparent cutane-
ous involvement and “4” and “6,” respectively, 
indicate a severe reaction. The same grader was 

   Table 35.1    Test materials    Exposure protocol  Test sample  Description 

 Experiment 1  Arm patch and BTK  Pad A  Currently marketed feminine 
hygiene pad a  

 Pad B  Currently marketed feminine 
hygiene pad 

 0.9 % NaCl  Negative irritant control 
 0.1 % SLS  Positive irritant control 

 Experiment 2  Arm patch  Pad A  Currently marketed feminine 
hygiene pad 

 Liner E  Currently marketed pantiliner 
 Tissue D  Currently marketed bathroom 

tissue (unmoistened) 
 0.9 % NaCl  Negative irritant control 
 0.1 % SLS  Positive irritant control 

 Experiment 3  Arm patch  Pad C  Experimental feminine hygiene 
pad with petrolatum-based lotion 
formulation containing ZnO 

 Pad G  Experimental feminine hygiene 
pad with petrolatum-based lotion 
formulation 

 Lotion  Petrolatum-based lotion 
formulation containing ZnO 
(10 mg) 

 Pad F  Currently marketed feminine 
hygiene pad 

 0.9 % NaCl  Negative irritant control 
 0.1 % SLS  Positive irritant control 

   a All feminine pads and pantiliner test samples were moistened with 0.3 ml of 0.9 % 
NaCl prior to application  
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used throughout an experiment, and the grader 
was not aware of the treatment assignments. 

 Skin surface temperature was measured 
using a DermaTemp® infrared thermographic 
scanner (Exergen Corporation, Watertown, 
MA). Temperature determinations were con-
ducted at the same time as the visual scoring. 
Subjects underwent a 15-min period of acclima-
tion in a temperature-controlled room prior to 
measurement. 

 The statistical approaches to all analyses are 
given in the appropriate tables or fi gures. All 
analyses were conducted by using PC SAS ®  for 
Windows, version 9.1. Results were not adjusted 
for multiple comparisons.  

35.2.4     Exposure Protocols 

 The modifi ed arm patch has been previously 
described in detail [ 11 ]. In this protocol test 
materials were applied using an occlusive Webril ®  
patch (Kendall LT, Chicopee MA, USA), and the 
relative positions of the test and control materials 
were randomized among the test subjects. 
Samples of the absorbent products were prepared 
from the midsection of the product and placed on 
the patch for application. Patches were applied 
lengthwise on the lateral surface between the 
shoulder and the elbow. Sites were marked with 
0.5 % gentian violet to aid in visual grading and 
to ensure that patches were applied in the identi-
cal position each day for the duration of the test. 
Exposures consisted of 24 h per day for 4 con-
secutive days. Panelists were instructed to remove 
the patches 24 h after patch application and return 
to the laboratory for daily grading and reapplica-
tion of a fresh patch 30–60 min thereafter. 
Grading was conducted at the start of the study 
(baseline) and each day 30–60 min after sample 
removal. The post-baseline average grade (PBA) 
was determined for both the visual grades of ery-
thema and dryness and the skin surface tempera-
ture readings. 

 The overall test design of the behind-the-knee 
(BTK) test protocol has been previously 
described [ 9 ,  10 ,  12 ]. Test materials were placed 
horizontally on the popliteal fossa, held in place 

behind the knee by an elastic knee band (Ace® 
knee bandage) of the appropriate size, and 
removed by the panelists prior to returning to the 
laboratory for grading and/or reapplication of test 
materials. Exposures consisted of 6 h/day for 5 
consecutive days. Grading was conducted at the 
start of the study (baseline), each day 30–60 min 
after sample removal (afternoon or PM grading), 
and each morning prior to product application 
(morning or AM grading). The PBA was deter-
mined separately for afternoon and morning 
grades for both the visual grades of erythema and 
the skin surface temperature readings. 

 The bikini area shaving study was conducted 
to evaluate the skin compatibility of innovative 
razor designs in women who experience self- 
reported irritation after using a manual razor on 
the bikini area. During a 3-day acclimation 
period, panelists were given a specifi c product to 
use for all personal cleansing (Oil of Olay 
unscented bar soap for sensitive skin the Procter 
& Gamble Company, Cincinnati, Ohio). At the 
test facility on study day 1, the skin of the bikini 
area was graded (baseline evaluation), and panel-
ists asked to shave the bikini area using 
temperature- controlled water, a specifi c manual 
razor (Venus Embrace with 5 blades, the Procter 
& Gamble Company, Cincinnati, Ohio, USA), 
and Dove sensitive soap (Unilever PLC, London, 
United Kingdom). Skin grading was conducted 
after shaving at 5 min, 24 h, and 48 h. Test sites 
were graded for erythema and dryness via 
unaided visual assessment. Measurement of skin 
surface temperature was conducted by evaluating 
three separate sites within each test area (i.e., top, 
middle, and bottom) in order to minimize site- 
specifi c variability. Measures from all sites were 
included in the average result for each time point.   

35.3     Results 

35.3.1     Site Variation in Baseline Skin 
Surface Temperatures 

 As mentioned in the methods section, visual 
scoring and skin temperature measurements were 
conducted prior to any treatment (i.e., at  baseline). 

35 Surface Skin Temperature in Tests for Irritant Dermatitis
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At the arm patch sites, there was a consistent 
temperature variation along the arm, with the test 
sites nearest the shoulder having higher tempera-
tures than those closer to the elbow (Fig.  35.1a ). 
In the bikini area shaving study, there was a slight 
variation between left and right sides (Fig.  35.1b ). 
As a result of these observations, the temperature 
readings at posttreatment evaluations included 
patch site as a variable in statistical analyses.

35.3.2        Arm Patch and BTK 
with Identical Products 

 Pads A and B were evaluated using the arm patch 
exposure along with negative and positive con-
trols for irritation (0.9 % NaCl and 0.1 % SLS, 
respectively). Results are shown in Fig.  35.2a . 
Using visual scoring of erythema as an endpoint, 
the positive irritant control (0.1 % SLS) pro-
duced higher mean erythema scores than either 
test material or the negative control ( p  ≤ 0.05). 
Neither pad sample showed evidence of irritation 
that differed signifi cantly from the negative irri-
tant control. Using the skin surface temperature 
as an endpoint, there were no signifi cant differ-
ences between the samples including the positive 
irritant control.

   The same two pad samples were tested in the 
BTK exposure protocol (Fig.  35.2b ). At the after-
noon grading, the erythema scores were signifi -
cantly different when Pad A was compared to Pad 
B at both the afternoon grading, i.e., 30–60 min 
after sample removal, and at the morning grad-
ing, i.e., after approximately 18 h of recovery. 
The skin temperature readings did not differ at 
the afternoon scoring, but were signifi cantly dif-
ferent at the morning scoring time point.  

35.3.3     Comparison of “Normal”- to 
“Sensitive”-Skin Populations 
in Arm Patch Exposures 

 In two experiments, subjects were divided into 
two groups: one group with self-assessed “nor-
mal” skin and one with self-assessed “sensi-
tive” skin. In the fi rst experiment, a series of 

samples of absorbent products, i.e., a feminine 
protection pad, a bathroom tissue, and a panti-
liner, were applied using the standard arm patch 
exposure (Fig.  35.3 ). Reactions were scored for 
erythema and dryness and for skin temperature. 
In both the self-assessed “normal”- (Fig.  35.3a ) 
and “sensitive”-skin (Fig.  35.3b ) groups, the 
positive control material (0.1 % SLS) produced 
higher mean erythema and dryness scores than 
the three test materials and the negative control 
( p  < 0.0001). There was no signifi cant difference 
in skin surface temperature. When the responses 
of the “normal”- and “sensitive”-skin groups 
were compared, there was no signifi cant differ-
ence in any of the three endpoints (erythema, dry-
ness, or skin temperature).

   A similar experiment was conducted using two 
lotioned feminine protection pads, a non- lotioned 
pad, and sample lotions (Fig.  35.4 ). In “normal”-
skin subjects (Fig.  35.4a ), SLS produced higher 
mean erythema scores than all other test materials 
except Pad G ( p  ≤ 0.05) and higher dryness scores 
than all other test samples ( p  ≤ 0.05). There were 
no signifi cant differences in mean temperature 
in the “normal”-skin subjects. In the “sensitive”-
skin subjects (Fig.  35.4b ), both the positive and 
negative irritant controls had lower mean tem-
peratures than the test samples ( p  ≤ 0.05). Once 
again, there were no signifi cant differences 
between the “normal”- and “sensitive”-skin 
groups when mean erythema, dryness, and skin 
surface temperature were compared.

35.3.4        Result of Bikini Area 
Shaving Study 

 In the shaving study, erythema, dryness, and 
skin surface temperature were evaluated over 
time. As mentioned in the methods section, 
measurements were conducted on both the left 
and right bikini area. For each scoring time the 
endpoints (erythema, dryness, and skin surface 
temperature) were evaluated in two ways: sepa-
rately for the left and right sides and with right 
and left sides pooled. Overall, the degree of ery-
thema did not differ signifi cantly over time 
(Fig.  35.5 ). However, when the right and left 
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  Fig. 35.1    Site variation in baseline skin surface tempera-
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  Fig. 35.2    Arm patch and BTK with identical products. In 
experiment 1, subjects were exposed to samples using both 
the arm patch and the BTK protocols, as described in the 
methods section. Erythema was scored visually on a scale of 
“0” (no apparent cutaneous involvement) to “4” (severe 
reaction). Skin surface temperatures were measured after 
acclimation, as described above. In the arm patch protocol, 
test sites were evaluated daily, and all daily scores were 
combined to determine the post-baseline average (PBA). In 
the BTK protocol test sites were evaluated twice daily: after 
sample removal (PM) and after approximately 18 h of 
recovery (AM). The PBA was determined separately for PM 
and AM evaluations. Treatment comparisons for erythema 

were performed using analysis of variance (ANOVA) (arm 
patch and BTK PM) or a stratifi ed Cochran–Mantel–
Haenszel (CMH) test (BTK AM). Treatment comparisons 
for skin surface temperature were performed using analysis 
of covariance (ANCOVA) with baseline and patch site 
included as variables. Signifi cances were not adjusted for 
multiple comparisons. The number of test sites scored to 
study completion is provided in the graph. ( a ) Arm patch: * 
indicates the PBA for erythema for 0.1 % SLS was signifi -
cantly different from Pad A, Pad B, and 0.9 % saline 
( p  ≤ 0.05). ( b ) BTK: * indicates the PBA for Pad A ery-
thema (PM and AM) and skin surface temperature (AM) 
were signifi cantly different from Pad B ( p  ≤ 0.05)       
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  Fig. 35.3    Comparison of “normal”- to “sensitive”-skin 
populations in arm patch exposures: absorbent products. 
In experiment 2, subjects were divided into two groups 
based on responses to a questionnaire (self-assessed “nor-
mal” and “sensitive” skin) and exposed to samples of 
absorbent products, i.e., a feminine protection pad, a bath-
room tissue, and a pantiliner, using the arm patch proto-
col, as described in the methods section. Erythema and 
skin surface temperatures were evaluated as described in 
previous fi gure legends. In addition, test sites were evalu-
ated for dryness on a scale of “0” (no apparent cutaneous 

involvement) to “6” (severe reaction). Comparisons of the 
Least Squares Mean (LS Mean) of the PBA for all end-
points were performed using ANCOVA with baseline 
scores and patch site included as variables. Signifi cances 
were not adjusted for multiple comparisons. There were 
no signifi cant differences between “normal-skin” and 
“sensitive-skin” subjects. ** indicates the PBA for 
 erythema and dryness for 0.1 % SLS was signifi cantly dif-
ferent from all other samples ( p  < 0.0001). ( a ) Self-
declared “normal-skin” subjects ( N  = 25). ( b ) Self-declared 
“sensitive- skin” subjects ( N  = 35)       
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sides were compared separately, the erythema 
on the left side was lower at 48 h compared to 
all other time points on the left side ( p  < 0.05). 
The skin surface temperature was higher 
( p  < 0.05) at the pre- shave measurement than all 
subsequent time points (5 min, 24 h, and 48 h). 
There were no signifi cant changes in dryness 
over time, nor were there any differences 
between anatomic sites (left side versus right 
side) for dryness or skin surface temperature 
evaluations (data not shown). 

35.4        Discussion 

 In the exposure protocols evaluated in this series 
of experiments, changes in skin surface tempera-
ture did not refl ect the changes in visual signs 
of erythema. In the modifi ed arm patch studies, 
the positive irritant control (0.1 % SLS) pro-
duced erythematous reactions higher than reac-
tions produced by the negative irritant control 
(0.9 % saline), or the mild products (Figs.  35.2a , 
 35.3  and  35.4 ). When dryness was evaluated 
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  Fig. 35.4    Comparison of “normal”- to “sensitive”-skin 
populations in arm patch exposures: lotioned feminine 
protection pads. In experiment 3, subjects were divided 
into self-assessed “normal” and “sensitive” skin and 
exposed to two lotioned feminine protection pads, a non-
lotioned pad, and a lotion sample using the arm patch in a 
manner identical to that described in the previous fi gure 
legend. Comparisons of the PBA for all endpoints (ery-
thema, dryness, and skin surface temperatures) were per-
formed using ANCOVA with baseline and patch site 
included as variables. Signifi cances were not adjusted for 
multiple comparisons. There were no signifi cant differ-
ences between “normal-skin” and “sensitive- skin” sub-
jects. ( a ) Self-declared “normal-skin” subjects ( N  = 17). 
*indicates the PBA for erythema for 0.1 % SLS was sig-
nifi cantly different from 0.9 % saline, lotion, Pad C, and 

Pad F ( p  ≤ 0.05), and the PBA for dryness for 0.1 % SLS 
was signifi cantly different from 0.9 % saline, lotion, Pad 
C, Pad G, and Pad F ( p  ≤ 0.05). There were no signifi cant 
differences in mean temperature. ( b ) Self-declared “sensi-
tive-skin” subjects ( N  = 15).* indicates the PBA for ery-
thema for SLS was signifi cantly different from 0.9 % 
saline, lotion, Pad C, Pad G, and Pad F ( p  ≤ 0.05). In addi-
tion, erythema for Pad G was signifi cantly different from 
Pad F. The PBA for dryness for SLS was signifi cantly dif-
ferent from 0.9 % saline, lotion, Pad C, Pad G, and Pad F 
( p  ≤ 0.05). Dryness for Pad F was also signifi cantly differ-
ent from Pad C and lotion. The PBA for skin surface tem-
perature for SLS was signifi cantly different from lotion, 
Pad C, and Pad F ( p  ≤ 0.05).In addition, temperature for 
saline was signifi cantly different from Pad C and Pad F. 
Pad C was also signifi cantly different from Pad G       
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(Figs.  35.3  and  35.4 ), differences were also 
detected for the irritant control. However, the skin 
surface temperatures did not vary consistently or 
signifi cantly. In the BTK study (Fig.  35.2b ), the 
two mild products produced signifi cantly dif-
ferent levels of erythema at both the afternoon 
scoring (30–60 min after sample removal) and 
the morning scoring (after approximately 18 h 
of recovery). Skin surface temperatures differed 
signifi cantly only at the morning scoring where 
the product that produced more erythema also 
produced a signifi cant increase in mean surface 
temperature. 

 There are several possible explanations for the 
failure of the skin surface temperature readings to 
detect the low level of skin irritation that was 
apparent with visual scoring. Unlike the visual 
scores, which are always “0” at baseline, the skin 
temperature shows considerable variability prior 
to any treatment even though the conditions were 
controlled as much as was practical via a 15-min 
period of acclimation in a temperature-controlled 
room. In spite of these measures, the mean 

 starting temperature varied among experiments. 
Although the means of baseline values (shown in 
Fig.  35.6  for two typical experiments) were 
adjusted for test site location in the statistical 
analysis, the adjusted means differed by as much 
as 2° between experiments 1 and 3, with an 
adjusted standard error of almost 0.5°.

   The timing of the temperature measure-
ments may not have been optimal to detect dif-
ferences. Patrick et al. evaluated different 
irritants in a mouse ear model and found that 
different patterns of irritation responses were 
produced [ 14 ]. The peak in the increase in tem-
perature varied from 2–3 h to 5–10 min, 
depending on the specifi c irritant used. Jacobi 
et al. investigated changes in skin temperature, 
redness, and blood fl ow in volunteers after 
application of a topical gel containing benzyl 
nicotinate and found a good correlation 
between changes in temperature and redness 
[ 15 ]. However, both measures were relatively 
short lived and were resolving by the evalua-
tion conducted at 100 min. In our exposure 

Fig. 35.4 (continued)
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protocols it is possible that any meaningful 
changes in skin surface temperature may have 
occurred shortly after initial application of the 
test sample, e.g., within the fi rst few minutes or 
hours, and resolved before sample removal at 
24 h in the arm patch and at 6 h in the BTK. 

 A next step in evaluating the utility of adding 
skin surface temperature measurements is to alter 
the time course of the evaluations. However, this 

would necessitate a fundamental change in the 
current exposure protocols. 

 In the bikini area shaving study (Fig.  35.5 ), 
mean erythema after 48 h was lower than after 
5 min or 24 h on the left side only ( p  < 0.05), sug-
gesting a certain level of handedness. This study 
was not designed to examine this aspect of the 
test, with 7 right-handed individuals and 2 left- 
handed individuals completing the study. In the 
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  Fig. 35.5    Result of bikini area shaving study. Women 
( N  = 9) who experience self-reported irritation after using 
a manual razor on the bikini area were recruited for the 
study. After a 3-day acclimation period, subjects were 
asked to shave the bikini area under controlled conditions. 
Erythema, dryness, and skin surface temperatures of three 
separate sites within each test area (i.e., top, middle, and 
bottom) were evaluated prior to treatment and, at 5 min, 
24 h and 48 h post shaving. Comparisons of averages for 
all subjects at all test sites were performed using a 

Wilcoxon signed-rank test for erythema and dryness and a 
generalized linear mixed model for skin surface tempera-
ture. An empirical (sandwich) variance estimator was 
implemented along with a small sample bias correction 
[ 13 ]. Signifi cances were not adjusted for multiple com-
parisons. *indicates the skin surface temperature prior to 
shaving was signifi cantly different ( p  < 0.05) from all time 
points after shaving (i.e., 5 min, 24 h, and 48 h). On the 
left side only, erythema at 48 h was signifi cantly different 
( p  < 0.05) from erythema at 5 min and 24 h       
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future a balance of right- and left-handedness 
should be included as part of the protocol. 

 We have reported in previous studies that the 
BTK often detects differences between two very 
similar products that are not apparent using other 
test protocols [ 11 ,  12 ]. This is demonstrated once 
again in the results presented in Fig.  35.2 . In the 
arm patch protocol, the positive irritant control 
produced higher erythema, but both product sam-
ples were equivalent to the negative irritant con-
trol, i.e., the exposure protocol did not 
differentiate between the two mild products 
based on visual scoring for erythema. In the 
BTK, although both products were mild to skin 
with relatively low mean erythema scores, it was 
possible to differentiate between the products. 
This added sensitivity in the BTK is the result of 
the additional component of irritation, i.e., the 
mechanical irritation resulting from friction. 

 The overall results indicate that the addition of 
measurements of skin surface temperature to stan-
dard exposure protocols used to evaluate potential 
skin responses to consumer products would not 
increase the ability to discriminate between similar, 
mild products. Modifying exposure protocols to 
include skin surface  temperature measurements 

would introduce additional  technical complications 
and expenses that would not be warranted.     
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36.1            Lymphatic Introduction 

 The lymphatic vasculature is present in nearly all 
tissues of the body and serves three primary func-
tions: (1) regulation of tissue fl uid homeostasis 
through the transport of large proteins and excess 
interstitial fl uid, (2) immune cell traffi cking, and 
(3) lipid transport [ 1 ]. Approximately 10 % of the 
fl uid fi ltered out of capillaries is transported 
through the lymphatic vasculature and returned to 
the venous circulation in the left subclavian vein. 
The lymphatics are forced to transport all this fl uid 
without the benefi t of a pumping organ such as the 
heart, and thus, the lymphatics rely upon the driv-
ing force of interstitial fl uid pressure (extrinsic 
pump) and the rhythmic contractions of the vessels 
themselves (intrinsic lymphatic pump). The lym-
phatics begin in the interstitial spaces as draining 
initial lymphatics and then merge to form collect-
ing vessels, which have an outer smooth muscle 
layer and are capable of contraction. Recently, it 
has been estimated that the lymphatic system 
transports as much as 8 L of fl uid per day from the 
interstitium to the blood [ 2 ]. 

 When the normal function of the lymphatic 
system deteriorates, many complications can 

arise. Loss of lymphatic pump function often 
leads to tissue fl uid accumulation, fi brosis, and 
lipid deposition – a disease known as lymph-
edema [ 3 ]. Breast cancer survivors, especially 
those having had mastectomies and radiation are 
among the most at-risk populations for develop-
ing such a condition due to the lymph node and 
lymphatic vessel resection procedure commonly 
associated with cancer treatment [ 4 ]. The lym-
phatic system has also been implicated in several 
diseases including obesity [ 5 ], cancer metastasis 
[ 6 ], diabetes [ 7 ], and asthma [ 8 ], but the role of 
lymphatics in the progression of these diseases is 
not yet well understood.  

36.2     Clinical Signifi cance 

 Despite the critical roles that it performs, very 
little is known about the lymphatic vasculature 
in comparison to the blood vasculature. One of 
the main reasons for this knowledge gap may be 
the lack of in vivo imaging techniques to nonin-
vasively visualize and obtain quantifi able infor-
mation regarding lymphatic function, both in 
health and disease. New techniques are needed 
to better study lymphatic biology, elucidate the 
functional role of lymphatics and lymphangio-
genesis in health and disease conditions, and bet-
ter diagnose patients with lymphatic disease at 
an early stage before any resulting tissue damage 
is permanent. The development of new imaging 
modalities capable of rapid, noninvasive quanti-
fi cation of lymphatic pump function will play an 
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essential role in the next generation of lymphatic 
research and diagnostics. 

 When evaluating the various imaging modali-
ties, it is important to consider the requirements 
the approach must meet for the designated lym-
phatic function or architecture that is being inves-
tigated. In general these can be divided into four 
categories: (1) spatial resolution requirements, 
(2) temporal resolution requirements, (3) contrast 
requirements, and (4) penetration depth require-
ments. The specifi cation of these parameters 
depends on the context of the lymphatic physiol-
ogy/anatomy under investigation. 

 In humans, lymphatic vessels range anywhere 
for 20 μm in diameter for the smaller capillaries 
to up to 5 mm for the thoracic duct and up to a 
few centimeters for lymph nodes [ 9 ]. The collect-
ing lymphatics, which provide a majority of the 
pumping activity for promoting lymph fl ow, 
range from 100 to 600 μm. The temporal resolu-
tion needed depends on the importance of imag-
ing this dynamic pumping function. Contractions 
of collecting lymphatics range from 10 to 50 con-
tractions per minute, so frame rates of up to sev-
eral frames per second are often needed to capture 
these dynamics [ 10 ]. Nearly all tissues are sup-
ported by a lymphatic vasculature and thus these 
vessels reside at various depths. There are both 
lymphatic capillaries and collectors in the dermal 
layer just a few mm below the skin as well as ves-
sels deep in the thoracic cavity. 

 Most lymphatic imaging techniques rely upon 
the injection of a particular contrast agent into the 
interstitium (or directly into a vessel itself) and 
the subsequent drainage of this contract agent by 
the lymphatic vessels. When the contrast agent is 
of the appropriate size, or binds to something of 
the appropriate size (usually 3–100 nm), it is 
exclusively taken up into the lymphatic vessels, 
provided they are functioning. While essentially 
all lymphatic imaging techniques require contrast 
agents, the ideal injection should be a very small 
volume to minimize the effects of this added vol-
ume on interstitial fl uid pressure, particularly if 
one is trying to capture a measurement of base-
line lymphatic function. This is less important 
when imaging solely for architectural reasons or 
for sentinel lymph node mapping. Additionally, 
the contrast agent itself should have minimal bio-

logical effects on lymphatic function and should 
be rapidly cleared from the circulation. Here, we 
summarize imaging techniques currently used to 
study lymphatics in vivo, their advantages and 
limitations as it relates to these criteria, and sug-
gest directions for the future. 

 A quick survey of the literature shows that the 
primary application of lymphatic imaging has 
been the detection of lymph nodes, rather than 
lymphatic vessels. This is due in part because the 
clinical interest in lymph node targeting as it 
relates to cancer far outweighs the clinical inter-
est in lymphatic diseases. However, another rea-
son for this disparity is that the most successful 
techniques used clinically for mapping nodes do 
not meet the spatial or temporal resolution crite-
rion for imaging lymphatic vessel function. Thus, 
the title of “lymphatic” imaging in a majority of 
the literature (including what is discussed here) is 
not really focused on imaging lymphatics, but 
rather lymph nodes. However, most of the tech-
niques that target lymph nodes work because 
there is a functional network of vessels that drains 
the contrast agent to the node; thus, these 
approaches can also indirectly be a useful tool for 
assessing lymphatic function and are worth men-
tioning here.  

36.3     Lymphoscintigraphy 

 One of the longtime gold standards of lymphatic 
imaging is lymphoscintigraphy, the most com-
mon nuclear imaging method for lymphatics 
[ 11 ]. Lymphoscintigraphy usually serves two 
main purposes with regard to lymphatic imaging: 
sentinel lymph node (SLN) mapping for post- 
cancer lymph node resection surgery [ 12 ,  13 ] 
and lymphatic vessel visualization for the assess-
ment of lymphedema progression and treatment 
effi cacy [ 14 ]. The technique typically relies 
upon an intradermal or subcutaneous injection 
of Tc-99m sulfur colloid (11.1–111 MBq) [ 15 ], 
Tc-99m- labeled human serum albumin [ 16 ,  17 ], 
or Tc-99m-labeled dextran [ 18 ] given between 
30 and 120 min before the imaging event. The 
scintigram takes a relatively long period of time 
to acquire, between 20 min and 2 h depending on 
the imaging conditions [ 19 ]. 

M. Weiler and J.B. Dixon



397

 Lymphoscintigraphy can be used in the diag-
nosis of lymphedema by examining differences 
in radioactivity between affected and unaffected 
regions, calculating clearance rates of radio-
nuclide injections, and by observing dermal 
backfl ow of radionuclides in lymphatic vessels. 
Szuba and colleagues demonstrated the ability 
of lymphoscintigraphy to quantitatively esti-
mate the radioactivity ratio between the axilla 
of a healthy arm and an affected arm as well 
as identify dermal backfl ow patterns in lymph-
edema patients [ 20 ,  21 ]. A numerical index was 
also developed specifi cally for postmastectomy 
lymphedema patients in order to assess lymph-
edema progression based upon observations of 
dermal backfl ow and visualization of proximal 
lymph nodes. There was a correlation between 
the lymphoscintigraphic lymphedema numerical 
index and elevated limb volume as well as a cor-
relation between the ratio of radioactivity and the 
posttreatment percentile change in edema. Taken 
together, these results indicate that lymphos-
cintigraphy can be used clinically to diagnose 
and assess lymphedema and that the technique 
has been used with moderate success in breast 
cancer- related lymphedema (BRCRL) patients. 
In addition to diagnosing lymphedema, lym-
phoscintigraphy has been used to evaluate new 
strategies for the treatment of lymphatic diseases 
such as autologous lymphatic transplant [ 22 ], 
VEGF-C treatment [ 23 ], surgical lymphatic- 
venous anastomoses [ 24 ], the effi cacy of manual 
lymphatic drainage [ 25 ], and the management of 
chylous ascites [ 26 ] to name a few. 

 The most prevalent use of lymphatic imaging 
using lymphoscintigraphy is for SLN mapping. The 
sentinel lymph node is theoretically the nearest 
downstream lymph node from a primary tumor and, 
as such, collects metastatic cancer cells. Contrast 
agents can thus be introduced in or near the primary 
tumor to be taken up by the local lymphatic vessels 
and transported to the SLN to assess the metastatic 
state of the tumor [ 27 – 29 ]. A preoperative lympho-
scintigraphy study in breast cancer patients has 
shown the technique to have an 87 % success rate in 
identifying SLNs as hot spots [ 30 ]. Recently, a new 
“dual mapping” procedure was performed in 60 
breast cancer patients using dye injections in com-
bination with isotopes capable of identifying SLNs 

in 59 patients (98.3 %) with a false-negative rate of 
only 1.7 % [ 31 ]. In an effort to reduce or prevent the 
need for lymphatic vessel resection and BCRL, 
Thompson et al. [ 32 ] has developed an axillary 
reverse mapping (ARM) technique to identify and 
distinguish lymphatic vessels that drain the arm 
instead of the breast, but a long- term study is needed 
to verify the technique limits the risk of BCRL 
without compromising nodal staining accuracy. 
Modi and colleagues developed a novel technique 
to equip lymphoscintigraphy with more quantitative 
capabilities [ 33 ]. After attaching a sphygmoma-
nometer to the arm of BCRL patients and infl ating 
to a pressure to cutoff lymphatic fl ow (as deter-
mined by lymphoscintigraphy), they were then able 
to gradually reduce this pressure until lymph fl ow 
was restored giving an estimation of lymphatic 
pumping. This study showed that this pumping 
pressure was reduced in women with BCRL provid-
ing some of the strongest evidence that the disease 
is strongly associated with the inability of these col-
lecting vessels to adequately pump. 

 To summarize, lymphoscintigraphy is a 2-D 
imaging technique to visualize the lymphatic 
vasculature and SLNs. While clinical SLN map-
ping is becoming more common, evaluation of 
lymphatic function and the state of lymphedema 
remains mostly qualitative with only minimal 
quantitative capabilities based upon clearance 
rates. The major limitations of lymphoscintigra-
phy are poor temporal resolution resulting from 
long gamma camera integration times and poor 
spatial resolution that limits the identifi cation of 
exact SLN locations. While the technique is use-
ful in identifying lymphatic dysfunction as the 
general underlying cause in cases of limb swell-
ing or chylous ascites, the resolution limitation 
makes it diffi cult to assess the exact location or 
functional cause of the lymphatic failure.  

36.4     Positron Emission 
Tomography 

 In an effort to address the drawbacks of lymphos-
cintigraphy, a hybrid SPECT/CT imaging modal-
ity has been implemented in lymphatic imaging to 
offer higher spatial resolution (~2 mm) than tradi-
tional lymphoscintigraphy [ 34 – 37 ]. The technique 
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combines positron emission  tomography (PET) 
and X-ray CT to detect diseased lymph nodes [ 38 –
 40 ], a process that uses the traditional intravenous 
injection of positron- emitting radiopharmaceu-
ticals to specifi cally target molecules of interest 
and provides the added benefi t of structural infor-
mation from the X-ray CT [ 41 ]. While the tech-
nique has shown promise for detecting nodes not 
found by traditional lymphoscintigraphy [ 42 ], it 
comes with a very high cost and thus is not widely 
used for routine SLN mapping [ 43 ]. Also, while 
the 2 mm resolution limit is an improvement for 
mapping nodes, it is still well below the require-
ments needed to image the primary unit actually 
 responsible for lymphatic fl ow: the lymphatic 
collectors.  

36.5     Magnetic Resonance 
Imaging 

 MR lymphangiography is the second tradi-
tional gold standard in lymphatic imaging. The 
technique involves the injection (interstitial or 
intravenous) of various contrast agents includ-
ing iron oxide particles, gadolinium-labeled 
diethylenetriaminepentaacetic acid (Gd-DTPA), 
Gd dendrimers or liposomes, and nanoparticles 
[ 44 – 49 ] and analyzes the alignment, behavior, 
and interaction of protons when a magnetic fi eld 
is applied. MR as it relates to lymphatic imag-
ing is most commonly used for visualization of 
lymphatic vessels and cancer staging of lymph 
nodes with the advantage of better spatial reso-
lution than nuclear techniques. The technique’s 
feasibility was established a decade ago and has 
been used with a variety of contrast techniques 
including injections of gadoterate meglumine, an 
extracellular paramagnetic agent [ 50 ], nonionic 
water soluble paramagnetic contrast agents gado-
diamide and gadoteridol [ 51 – 53 ], and gadoben-
ate dimeglumin [ 54 ] all injected into the dorsum 
of the foot. Recently, Ruddell et al. developed a 
dynamic contrast-enhanced MR imaging (DCE- 
MRI) technique to assess lymphatic dysfunction 
by measuring and dynamically mapping changes 
in lymph fl ow and drainage in mice models 
[ 55 ]. The technique begins with an intravenous 

 injection of a contrast agent and then acquires 
serial MR images. Wash-in and wash-out curves 
can then be generated using specifi ed regions of 
interest. In the study, they were able to show that 
tumor growth increased lymphatic fl ow through 
draining lymph nodes over a 3 week period. 

 Others have taken a different approach by 
exploring unenhanced MR lymphatic imaging 
[ 56 – 58 ]. Matsushima and colleagues showed 
in their studies that using heavily T2-weighted 
imaging in combination with respiratory trigger-
ing can allow for the distinction between lym-
phatic fl ow and venous fl ow such that they can 
visualize lumbar lymphatics, cisterna chili, and 
the thoracic duct noninvasively without contrast 
agents. One concern is that lymphatic fl ow may 
be distorted by other fl uid fl ow aside from venous 
circulation (especially slow fl uid fl ows), but the 
possibility of imaging the lymphatic vasculature 
without the addition of contrast agents would be 
very valuable since the addition of most contrast 
agents probably alters true lymphatic function to 
a certain degree. 

 A new technique known as lymphotropic 
nanoparticle-enhanced MRI (LN-MRI) may offer 
a solution to achieve more accurate lymph node 
staging [ 59 ,  60 ] by using a novel set of MR con-
trast agents possessing unique biochemical and 
physical properties [ 50 ,  61 ,  62 ]. MR lymphatic 
imaging with ultrasmall superparamagnetic iron 
oxide (USPIO) particles may provide adequate 
contrast necessary to resolve salient features of 
normal and cancer-positive lymph nodes [ 11 ,  19 , 
 44 ,  63 – 67 ]. Harisinghani et al. used highly lym-
photropic superparamagnetic nanoparticles to 
detect lymph node metastases with signifi cantly 
improved sensitivity compared to traditional MR 
lymphatic imaging [ 68 ]. Likewise, Ross et al. 
used an intravenous injection of ferumoxtran, 
a lymph-node-specifi c contrast agent, to detect 
prostate cancer lymph metastases with excellent 
sensitivity [ 69 ]. Recently, Kimura et al. also used 
USPIO lymphography and differences in T2*-
weighted and T1-weighted enhancement patterns 
to identify normal and diseased lymph nodes [ 70 ]. 

 It is important that many of the USPIO tech-
niques for lymph node mapping do not directly 
rely on lymphatics for targeting the node, but 
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rather take advantage of the leaky vasculature 
present in tumors to achieve extravasation from 
the blood. Thus, techniques that are promis-
ing for identifying lymph nodes do not nec-
essarily translate for imaging the lymphatic 
vasculature. Another challenge with these 
nanoparticle approaches is that there is often a 
trade-off between ease of uptake from the inter-
stitium into the lymphatics and their subsequent 
retention in the lymph node [ 71 ]. 

 MRI offers excellent spatial resolution, which 
has a lot of potential for imaging the structure 
and morphology of the lymphatic vasculature and 
lymph nodes. Perhaps the most exciting direction 
of MR lymphatic imaging is the potential to fully 
develop an unenhanced MR lymphangiography 
technique to visualize the lymphatic system with-
out contrast agents. Such a breakthrough would 
revolutionize lymphatic imaging and greatly 
improve diagnostic capabilities for detecting 
lymphatic diseases.  

36.6     Computer Tomography 

 X-ray computer tomography (CT) is commonly 
used to assess differences in tissue density 
between soft tissue and electron-dense bone, and 
contrast agents are often incorporated to help 
discern healthy and diseased tissue [ 72 ]. CT is 
 commonly used as a diagnostic method for the 
screening and identifi cation of tumors before 
surgery is performed for many cancers including 
breast cancer [ 43 ]. One particular subset of CT 
imaging, computed tomographic lymphography 
(CT-LG) has been used to visualize lymphatic 
drainage pathways and to discern enlarged or 
metastatic lymph nodes [ 11 ]. The current tech-
nique utilizes a class of small organic iodinated 
molecules that are highly water soluble (exam-
ples include iopamidol, ioxaglate, ioversol, and 
iohexol) to provide additional contrast for CT 
SLN imaging. Suga et al. employed iopamidol in 
CT-LG for the visualization of breast lymph ves-
sels and the mapping of SLN locations in healthy 
dogs and healthy human volunteers and were 
able to observe the direct path of lymphatic ves-
sels from the injection site to the SLN, detect a 

localization of the contrast agent in the SLN, and 
visualize distant nodes [ 73 – 75 ]. Others have built 
upon this technology and had similar successes 
using CT-LG for SLN mapping [ 76 – 78 ]. 

 Despite the success of water soluble organic 
iodinated contrast agents in SLN detection, the 
molecules offer a very short imaging duration 
because they drain rapidly to the blood vascula-
ture and are cleared through the renal system 
[ 11 ]. Additionally, the technique is limited by 
diffi culty of injecting the necessary millimolar 
concentrations of contrast agents in the dermal 
space. In an attempt to mitigate this drawback, 
several new CT contrast agents are under devel-
opment [ 19 ]. Rabin et al. has synthesized a 
polymer- coated bismuth sulfi de nanoparticle as a 
novel CT contrast agent with a longer hemovas-
cular half-life, but concerns remain regarding the 
long-term toxicity of this nanoparticle [ 79 ]. 
Although to date CT-LG cannot detect occult 
metastases, the technology has a lot of potential 
as a strong alternative to lymphoscintigraphy for 
the visualization and identifi cation of SLNs for 
biopsies. The detailed anatomy of the lymphatic 
vasculature that CT-LG can provide may help to 
minimize several of the shortcomings of lympho-
scintigraphy as well as increase the accuracy and 
sensitivity of SLN biopsy. However, the major 
limitation of CT-LG as compared to other imag-
ing modalities is the inability to image dynamic 
lymph fl ow or lymphatic contractions, which is 
due to a lack of spatial resolution. Radiation con-
cerns associated with CT may also limit its clini-
cal usefulness. 

 It should also be noted that another X-ray- 
based technique similar to angiography requires 
the cannulation of lymphatic vessels and direct 
injection of contrast agents (e.g., Lipiodol, an 
iodinated poppy seed oil) directly into the can-
nulated vessels. Originally termed lymphangiog-
raphy (or lymphography), it has been used 
postoperatively in patients with lymphatic fi stu-
las, lymphocele, and chylothorax as a means of 
detecting lymphatic leakage [ 80 ]. While the term 
lymphangiography is now broadly used for a 
variety of techniques that involve the uptake of a 
contrast agent into a lymphatic vessel for subse-
quent imaging, traditional lymphographies have 
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largely been abandoned due to the increase in 
availability of other techniques, the technical 
expertise required for vessel cannulation, and 
complications that have been shown to arise from 
the procedure [ 81 – 83 ].  

36.7     Ultrasound 

 Ultrasound is the primary imaging modality used 
to study and diagnose secondary lymphedema 
resulting from fi lariasis, a disease common to 
tropical regions around the world in which para-
sitic nematodes enter a human host via mosquito 
vectors and come to reside in the lymphatic vas-
culature. The biggest advantages for ultrasound 
imaging of lymphatics are the relatively low cost 
and availability of equipment, the achievable pen-
etration depth, and the lack of ionizing radiation. 
Ultrasound has been employed to visualize dilated 
lymphatic vessels in fi larial patients [ 84 ,  85 ], and 
Doppler ultrasound has been used to successfully 
measure nematode motion in lymphatic vessels 
[ 86 ] and evaluate the effi cacy of treatment strate-
gies on fi larial infection [ 87 – 89 ]. Doppler ultra-
sound is not regularly used in lymphatic imaging, 
however, because the lower number of scattering 
objects (e.g., cells) present in lymph fl ow severely 
limits measurements of lymph drainage patterns, 
while the abundance of red blood cells in the 
blood vasculature has allowed it to be widely used 
for measuring blood fl ow. Additionally, ultra-
sound poses some spatial resolution limits when 
compared to other techniques that make it diffi -
cult to image the smaller vessels. High-frequency 
ultrasound has been able to achieve spatial resolu-
tion down to 20 μm; however, a trade-off exists 
between spatial resolution and penetration depth 
with these high- frequency systems being limited 
to depths under 5 mm. 

 Despite the limited applications in lymph 
fl ow measurements, ultrasound has been used 
to assess the malignant state of lymph nodes 
based upon geometric features [ 44 ]. Since ultra-
sound images do not necessarily require contrast 
agents, the technique may serve a very unique 
role in mapping SLNs characterized by affer-
ent lymph vessel blockage that would otherwise 

prevent contrast agents from reaching the node 
and  produce a false-negative result. Contrast-
enhanced ultrasound imaging (CEUS) [ 90 ] is 
much more widely used in preclinical and clini-
cal imaging of lymphatics than ultrasound alone 
because the technique has the advantages of high 
signal-to- noise ratio, contrast sensitivity, and 
spatial resolution [ 11 ,  50 ]. The most widely used 
contrast agents for CEUS are submicron-sized 
microbubbles, which are often made with lip-
ids, polyethylene glycol polymers, or denatured 
albumin [ 91 ,  92 ]. Microbubble contrast agents 
have been employed in CEUS imaging to visu-
alize lymph nodes, lymphatic vessels, and other 
areas of interest in the microcirculation [ 45 ,  80 , 
 93 – 97 ]. Like all contrasts agent approaches, the 
probes can rely on the drainage of the lymphat-
ics to be delivered from the primary tumor to the 
node, or they can be functionalized with specifi c 
ligands for targeting the nodes and thus can be 
administered via the blood [ 98 ].  

36.8     Optical Imaging Techniques 

 Optical fl uorescent imaging may provide the best 
combination of spatial and temporal resolution 
for specifi cally visualizing lymphatic vessels 
and propulsive lymphatic fl ow out of any of the 
imaging modalities previously mentioned, and 
the technique has the added bonus of not expos-
ing patients to ionizing radiation [ 44 ]. The basic 
principle is to exploit the natural function of the 
lymphatic system by giving an intradermal or 
subcutaneous injection of a fl uorescent tracer 
and visualizing the uptake and transport of the 
fl uorophore by the lymphatic vessels (Fig.  36.1 ). 
Fluorescent imaging allows the use of camera 
integration times as low as 50 ms [ 99 ], which 
enables excellent temporal resolution for the 
dynamic visualization of lymphatic uptake and 
transport characteristics. While dynamic pulsa-
tile lymph fl ow has been recorded via intravital 
microscopy techniques in mesenteric and iso-
lated lymphatic vessels [ 10 ,  100 ,  101 ], there is 
no other imaging modalities capable of obtain-
ing such high-resolution lymphatic imaging 
 noninvasively in vivo.
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   Optical fl uorescent imaging of lymphatics was 
fi rst reported in the form of fl uorescence micro-
lymphangiography using the fl uorophore fl uo-
rescein, which is maximally excited and emits 
fl uorescence at visible wavelengths, thus limiting 
its usage to imaging very superfi cial lymphatic 
vessels [ 102 ,  103 ]. McGreevy et al. also used 
a visible contrast agent, Cy5, to detect lymph 
nodes in swine [ 104 ]. The limited  penetration 

depth of visible light, however,  prevented the 
 visualization of any deeper lymphatic vessels, 
such as collecting vessels. Quantum dots have 
also been employed for sentinel lymph node 
mapping [ 105 ], but most quantum dots are 
excited in the visible range, which limits the 
ability to image deeper collecting lymphatic 
vessels despite the mild improvement in tissue 
penetration depth over visible fl uorescent dyes 
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  Fig. 36.1    Nearly all modes of lymphatic imaging rely on 
the injection of some tracer into the interstitial space of 
the draining lymphatic basin. If this tracer is of an optimal 
size (5–100 nm), it will be taken up into the lymphatics 
through their specialized junctions and not the blood vas-
culature. Some injected dyes used in lymphatic imaging 
(like ICG and Evan’s Blue) readily bind to interstitial 
albumin, which then causes them to be taken up into 

 lymphatics (as free dye is usually much smaller than the 
molecular weight cutoff that requires lymphatic trans-
port). In the example shown here, NIR light excites the 
dye and the emission is recorded in refl ection mode. 
Packets of fl uorescence are recorded as they travel through 
the collecting lymphatics, and packet velocity and fre-
quency can be quantifi ed from the data generated       
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[ 19 ]. Additionally, there remain serious concerns 
about the  long-term toxicity of quantum dots due 
to their heavy metal content. 

 More recently, near-infrared (NIR) fl uores-
cence lymphatic imaging using fl uorescent dyes 
has gained traction. NIR imaging technologies 
may provide the ideal solution to functional 
lymphatic imaging for the purposes of disease 
assessment and management as they reside in the 
optimal range where light absorption and scat-
tering are low in biological tissue and there is 
 minimal autofl uorescence, thus affording deeper 
penetration depths and excellent contrast and 
spatial resolution, all of which are vital for mea-
suring lymphatic contractile properties [ 106 ]. 
NIR imaging with an FDA-approved fl uorescent 
dye, indocyanine green (ICG), has been reported 
as an optical diagnostic dating back to the 1950s 
as it was originally used to assess cardiac out-
put and hepatic function [ 107 ]. Based upon its 
fl uorescent properties, the indications for ICG 
use expanded over the next 50 years to include 
microcirculation of skin fl aps, visualization of 
retinal and choroidal vasculatures, pharmacoki-
netic analysis, object localization in tissue, tissue 
welding, fl uorescence probing of enzymes and 
proteins, and tumor screening [ 108 ,  109 ]. ICG-
based NIR imaging, a technique in which ICG is 
injected intradermally, excited with a laser diode, 
and imaged with an NIR-sensitive detector as it 
is taken up by the lymphatic system, has emerged 
as a novel method for lymphatic vasculature and 
sentinel lymph node mapping and for the quan-
titative assessment of lymphatic function in ani-
mals and humans [ 110 – 113 ]. 

 ICG-based NIR imaging specifi cally designed 
for lymphatics was fi rst reported in two separate 
studies by Sharma et al. [ 19 ] and Unno et al. 
[ 114 ] in 2007. The study by Sharma and col-
leagues showed, for the fi rst time noninvasively, 
dynamic propulsive lymph fl ow in anesthetized 
swine. The rhythmic contractions of sequential 
lymphangions and the series of one-way valves 
force the fl uid to fl ow in discrete “packets” along 
the lymphatic vessels (see graph in Fig.  36.1 ). 
The packets were recorded as traveling between 
0.1 and 1 cm/s, which was orders of magnitude 
above the μm/s lymph velocities previously 

reported by fl uorescence lymphangiographies in 
animal preparations [ 80 ,  115 – 117 ] as the previ-
ous studies were only able to image the initial 
capillaries and not the contractile collecting lym-
phatics. The study by Unno and coworkers used 
NIR lymphatic imaging to identify four charac-
teristics of lymphatic fl ow associated with lymph-
edema including dermal backfl ow, extended 
fl uorescence in the injection site, dilated lymph 
channels, and fl uorescence diffusion otherwise 
known as leaky vessels. Sevick-Muraca et al. also 
showed lymphatic vessel visualization in breast 
cancer patients using microdose administration 
of ICG [ 118 ], which was signifi cant because 
smaller fl uorophore injections will limit the 
effects of the procedure itself on baseline lym-
phatic function. 

 One of the major advantages of NIR lym-
phatic imaging over other imaging modalities is 
the emergence of new quantitative measures of 
lymphatic pump function. Such quantifi able met-
rics will be enormously valuable in objectively 
defi ning lymphatic health and assessing the pro-
gression of lymphatic disease. Rasmussen et al. 
established discrete regions of interest (ROIs) 
along lymphatic vessels and recorded spikes 
in intensity corresponding to packets traveling 
through the various ROIs. If the distance between 
ROIs is known, metrics such as average packet 
velocity and packet frequency can be calculated 
as representative metrics of lymphatic pump 
function [ 119 – 121 ]. 

 Unno et al. adapted a previously described 
technique [ 33 ] to measure lymphatic pump-
ing pressure to NIR imaging [ 122 ]. ICG was 
injected into the dorsum of the foot of human 
volunteers, and real-time fl uorescence images of 
lymphatic transport were recorded while a cus-
tom sphygmomanometer was used to increase 
the pressure around the legs until lymphatic fl ow 
was observed to have stopped. The pressure was 
then slowly released until lymphatic fl ow was 
restored, which was defi ned as the lymphatic 
pumping pressure,  P  pump . Using NIR imaging of 
ICG transport through dermal lymphatic vessels 
during this procedure gives a very accurate mea-
sure of the exact time and corresponding applied 
pressure at which lymphatic fl ow is stopped. 
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Healthy patients were reported to have a  P  pump  
of 29.3 mmHg while lymphedema patients had 
a signifi cantly lower  P  pump  of 13.2 mmHg, indi-
cating reduced lymph transport capabilities in 
lymphedema patients. More recently this tech-
nique was also applied to assess the decline in 
 P  pump  associated with aging [ 123 ], although cur-
rently the technique does not take into account 
changes in tissue compliance and how this might 
affect the transmission of the externally applied 
pressure to the lymphatic vessel. 

 ICG is the most commonly used tracer, pri-
marily because it is already approved by the 
FDA. However, there are some concerns in 
regard to its effects on lymphatic function, as 
it has been observed to remain at the injection 
site for up to two weeks, and appears to have an 
effect on lymphatic function during this time.  
One study showed direct effects on lymphatic 
contraction in response to ICG in isolated ves-
sels [ 124 ], and recently, it has been shown that 
ICG reduces lymphatic function and enlarges 
draining lymph nodes for 2 weeks in vivo in a rat 
tail model [ 125 ]. It appears that the concentra-
tion of injected ICG has a minimal effect on lym-
phatic function immediately after injection [ 126 ], 
but the collection of studies suggests that repeat 
ICG injections should be performed more than 
two weeks apart to avoid erroneous measure-
ments of lymphatic function. In addition, ICG is 
a relatively poor fl uorophore, and there are sev-
eral other dyes available in the NIR that can be 
conjugated to albumin. Several other studies have 
come out investigating other probes as tracers in 
NIR lymphatic imaging [ 127 – 130 ]. 

 NIR lymphatic imaging has the potential to 
revolutionize the study of lymphatic transport 
phenomena and the diagnosis of lymphatic 
disorders with the development of new imag-
ing  techniques and quantifi cation metrics. 
Conceivably, NIR lymphatic imaging with 
ICG could be expanded to include simultane-
ous imaging of multiple fl uorophores, perhaps 
including fl uorophores to label lymphatic vessel 
walls, immune cells, and lipids to correlate lym-
phatic contractile function with transport capa-
bilities. Additionally, the development of novel 
image processing algorithms has the potential to 

provide new quantitative measures to detect sub-
tle differences in lymphatic pump function under 
various conditions. The emergence of such new 
techniques could enable the use of NIR imaging 
as an early stage lymphatic disease diagnostic 
capable of detecting changes in lymphatic func-
tion before clinical symptoms emerge and tissue 
damage results.  

36.9     Emerging Technologies 

 In addition to the techniques mentioned above 
that have already been used to image lymphatic 
function (or indirectly infer the presence of 
lymphatics by requiring them to deliver a con-
trast agent to the lymph node), there are a few 
emerging technologies that are also worth men-
tioning which could soon see widespread clini-
cal use for certain types of lymphatic imaging. 
Optical coherence tomography (OCT), which 
essentially uses an interferometer to determine 
the depth of scattering objects that reside in a 
layer of turbid media [ 131 ], has recently been 
used to image blood and lymphatic vessels sur-
rounding a lymph node [ 132 ,  133 ]. Interestingly, 
while the lack of scattering objects in the lymph 
is usually a challenge for imaging lymphatics, the 
authors took advantage of this property to actu-
ally resolve the lymphatic vessel without the use 
of contrast agents. Another advantage of OCT is 
that one can achieve optical resolution similar to 
that in NIR imaging, with the addition of depth 
resolution allowing for 3-D imaging. However, 
one of the drawbacks of OCT is that the penetra-
tion depth is limited to about 1–2 mm. Hybrids of 
OCT systems are also being explored to improve 
the performance by delivering contrast agents 
that exhibit a photothermal effect when excited 
in the NIR. The resulting temperature change 
produces a phase shift that can be detected with 
OCT systems [ 134 ]. 

 Another optical technique that overcomes 
this depth limitation is photoacoustic tomogra-
phy (PAT) [ 135 ]. This technique utilizes the fact 
that upon absorption of light, thermoelastically 
induced pressure waves are formed that can be 
detected with ultrasound sensors. Thus, one can 
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take advantage of the contrast available from 
optics, while gaining the advantages of penetra-
tion depth provided by ultrasound. Given that it 
is easy to dermally deliver dyes that are taken up 
by the lymphatics, this technique could prove 
quite useful for imaging lymphatic function and 
has been used with a variety of contrast agent in 
animal models [ 136 – 139 ]. An additional advan-
tage of PAT is that oxygenated and deoxygen-
ated hemoglobin provide inherent contrast to 
blood vessels and veins allowing one to obtain 
 high- resolution images of the vasculature while 
also imaging lymphatics.  

    Conclusion 

 Lymphatic diseases remain a prevalent prob-
lem throughout the world, and treatment 
options available for those suffering from lym-
phatic diseases are limited at best. While the 
clinical interest in lymphatic research is likely 

to remain low, the growing interest in the role 
of the lymphatics in cancer metastasis and the 
necessity of their existence and function for 
many of the nodal staging and sentinal lymph 
node screening approaches now in use have 
paved the way for technologies that could 
begin addressing this neglected patient popu-
lation. Given the limited availability of 
resources for patients suffering from lym-
phatic diseases, particularly in developing 
countries, it is likely that those technologies 
associated with lower costs show the most 
promise for actually making it into the clinic. 
Every technology has its advantages and 
 disadvantages (Table  36.1 ) and even within a 
given technique there are trade-offs between 
capabilities (e.g., resolution vs. imaging depth, 
resolution vs. frame rate, signal-to-noise ratio 
vs. frame rate, and  sensitivity vs. tracer vol-
ume). Much more work is needed to fully 

   Table 36.1    A comparison of the capabilities of various modalities for imaging the lymphatic vasculature   

 Spatial
resolution 

 Depth
penetration  2-D/3-D 

 Time 
resolution 
(2-D) 

 Contrast 
agent 
required 

 Ability to 
measure 
fl ow  Cost 

 Lymphoscintigraphy  10 mm  No limit  2-D  1 image per 
20 min 

 Yes  No  $ 

 SPECT/CT  2 mm  No limit  2-D  1 image per 
3 min 

 Yes  No  $$$$ 

 MRI  Lateral: 
150 μm 

 No limit  3-D  1 image per 
minute 

 No but 
benefi cial 

 Yes  $$$$ 

 Axial: 
500 μm 

 X-ray CT  Lateral: 
1 mm 

 No limit  3-D  2 fps  Yes  No  $$$ 

 Axial: 5 mm 
 Ultrasound  Lateral: 

15 μm 
 3 mm and up  3-D  Up to 400 

fps 
 Yes  Yes  $$ 

 Axial: 80 μm 
 NIR fl uorescence  1 μm  3 mm–10 cm  2-D  Up to 30 fps  Yes  Yes  $$ 
 OCT  8 μm  1–2 mm  3-D  Up to 150 

fps 
 No but 
benefi cial 

 Yes  $$ 

 Photoacoustic  Lateral: 
5–25 μm 

 3 cm  3-D  Up to 
150 fps 

 Yes  Yes  $$ 

 Axial: 
15–200 μm 

  Values are not necessarily the theoretical limit, but the best achievements published to date for imaging lymphatics, 
lymph nodes, or blood vessels. It should be noted that for any given technique, the trade-offs exist between the various 
parameters. For example, to achieve the ideal spatial resolution, one usually has to sacrifi ce the frame rate and/or the 
penetration depth. This is particularly true for NIR fl uorescence, where imaging depth signifi cantly affects spatial reso-
lution due to light scattering  
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appreciate the capabilities of these imaging 
approaches for studying various mechanisms 
of lymphatic dysfunction. Given the growing 
efforts in nanotechnology to provide new mul-
tifunctional probes, along with the fact that the 
size range of these probes makes them easy to 
target to draining lymphatics via simple injec-
tions, it is likely that the lymphatic tracer of 
the future will be functionalized to allow for a 
patient’s lymphatics (or lymph nodes) to be 
imaged across a multitude of platforms, har-
nessing each of their unique capabilities. As 
we continue to grow in our ability to experi-
mentally measure lymphatic function, it is 
likely that a new appreciation will arise for the 
role of these vessels in a variety of physiologic 
functions such as immune responses, lipid 
transport, cancer metastasis and tolerization, 
wound healing, and fl uid balance.
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37.1            Introduction 

 Hair loss or thinning hair is a common complaint 
in clinical dermatology. However, patients seeking 
advice for hair loss are not necessarily bald and 
the effects of treatment attempts can be hard to 
measure. Digital analysis of phototrichograms is 
a sensitive tool to monitor hair loss and treatment 
response in clinical practice as well as in experi-
mental trials. Any analysis method should be able 
to reliably analyze the most important biological 
parameters of hair growth, such as hair density 
(1/cm 2 ), hair diameter (μm), hair growth rate (mm/
day), or anagen/telogen ratio, just to mention a few. 
In addition, any technique must produce results 
which are representative for the whole scalp. 

 Since the introduction of the phototrichogram 
as an in vivo noninvasive method to evaluate the 
human hair cycle, variations of the technique 
have been used as a basis for quantitative analy-
sis of hair growth [ 1 – 8 ]. The basic principle of 
digital phototrichogram imaging is the same irre-
gardless of the system used: The growth of hairs 
in a defi ned target area is measured by analysis of 

images following close clipping of hairs to the 
scalp. Repeated imaging of the same target area 
over time allows assessment of the effi cacy of 
hair-promoting drugs or products. Differences 
between analysis systems can be found in the 
parameters which can be measured and, impor-
tantly, in the methods used to mark the hairs in 
images prior to analysis. 

 This chapter provides insight into the theoreti-
cal and statistical background of hair analysis 
and the sensitivity of the method with reference 
to recent clinical trial data obtained using the 
TrichoScan ®  system.  

37.2     Measurable Hair Parameters 

 At the very least, any hair analysis method must be 
able to analyze the two most important biological 
parameters of hair growth: hair density (1/cm 2 ) and 
hair diameter (μm). However, the measurements 
of these two parameters in isolation may not be 
adequate to detect treatment changes: Assuming 
that all miniaturized hairs in a target area just get 
thicker upon treatment, then the mere calculation 
of the hair density would not pick up such a change. 
Or in case a treatment induces growth of clinically 
insignifi cant vellus hairs, the calculation of just 
the hair density would give rise to a misleading 
result. We introduced the parameter “cumulative 
hair thickness” (mm/cm 2 ) with the introduction of 
the TrichoScan ®  Research software. This parame-
ter represents the hair mass and takes into account 
both hair density and hair  thickness. In our view 
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this is the most precise parameter for hair growth 
analysis. Each of these parameters can be mea-
sured on a single image taken at a defi ned interval 
following hair clipping, usually 2–3 days after-
wards. A baseline image immediately following 
clipping is not necessary. 

 The measurement of two other frequently 
reported parameters, the hair growth rate (mm/
day) and anagen/telogen ratio, require that two 
images be taken, one on the day of hair clipping 
and the second 2 days later (Fig.  37.1 ).

   Continued development of systems will allow 
for ease of evaluation of additional parameters 
and more comprehensive analysis of treatment 
effects. For example, the upcoming TrichoScan ®  
Research version 4.0 will be able to calculate 
automatically the “thickness-adjusted tricho-
gram” (thin hairs or vellus hairs grow slower), 
the number and density of follicular units, as well 
as the thickness variability of hair, a parameter 
which was introduced some years ago [ 9 ].  

37.3     Manual Versus Automatic 
(TrichoScan ® ) Hair Counting 

 Before analysis of the hair parameters them-
selves, the individual hairs have to be marked on 
the image. If done manually this is a very time- 
consuming process, prone to human error. Most 
current systems still rely on manual marking and 
computer-assisted hair counts. 

 While there is no doubt that manual or 
computer- assisted hair counts, such as gen-
erated by the Canfi eld system, are valid and 
generate robust data [ 10 ], overall variability 
can be reduced still further by removal of the 
inconsistency associated with manual mark-
ing. TrichoScan ®  sets itself apart as the only 
fully automated method for the evaluation of 
hair growth parameters such as hair counts of 
total and terminal hairs, cumulative hair thick-
ness, and growth rate [ 8 ]. Recently the validity 
of the TrichoScan ®  method was established by 
comparative assessment of hair growth param-
eters using TrichoScan ®  software versus manual 
identifi cation of hairs prior to the fi nal assess-
ment of hair parameters [ 11 ]. The results using 
the TrichoScan ®  method were more reproduc-
ible with a smaller margin of operator error than 
with manual marking of hairs. Not surprisingly, 
in this investigation, considerable variability was 
noted for the manually marked images. Manual 
marking is a very tedious process and it is near to 
impossible to repeatedly count hundreds of hairs 
without variation for density, length, and thick-
ness. The mean data variability for one evaluator 
who marked the same image three times ranged 
from 2.71 to 13.0 %, depending on the param-
eter. Some evaluators showed more variability 
than others. The correlation between different 
evaluators was best for total hair density and 
parameters related to hair length and worst for 
the parameters related to hair thickness. In con-
trast, there was no variability in repeated mea-
sures with automated marking by TrichoScan ® ; 
the software delivered completely consistent 
results. Keeping in mind the defi nition of repeat-
ability, the maximum of the difference between 
two measurements on the same patient, this is a 
tremendous difference between manual marking 
of hairs and TrichoScan ® . In a clinical trial set-
ting, this would mean that a much larger sample 
size is required in the case of manual marking 
compared to fully automated evaluation. 

 As we were unable to fi nd more recent pub-
lished data from other systems regarding reliabil-
ity, reproducibility, standard deviation, or margin 
of error, it is impossible to directly compare other 
hair growth systems to TrichoScan ® .  

  Fig. 37.1    TrichoScan ®  image 2 days after hair clipping. 
Nongrowing telogen and catagen hairs can be seen       
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37.4     Sensitivity 

 In addition to already published TrichoScan ®  data 
[ 12 ], data from a recent trial have been used, to 
furthermore assess the reproducibility and sensi-
tivity of TrichoScan ®  in a clinical trial setting. 
A reference group of 57 men suffering from andro-
genetic alopecia were treated with 5 % topical 
minoxidil for 16 weeks. The data reported here 
were collected as comparator group data from a 
larger two-center double-blind Phase II study. 

37.4.1     Methodology 

 Altogether 180 subjects were randomly assigned 
to three treatment groups of 60 subjects each, one 
of which was the minoxidil comparator group and 
one of which was the vehicle group. To achieve 
equal distribution of treatments between the 
investigative centers (bioskin GmbH centers in 
Hamburg and Berlin) block-wise randomization 
was applied. For the purpose here, only compara-
tor (minoxidil) vehicle groups have been reas-
sessed. The study was conducted double blind. 

 Eligible subjects were Caucasian men aged 
18–49 years with Norwood/Hamilton grade 
III–IV androgenetic alopecia. The subjects had 
healthy skin on the scalp and were without dis-
ease unless it was considered irrelevant to the 
outcome of the study. Main exclusion criteria 
included previous surgical correction of scalp hair 
loss, hair loss due to disease or drug treatment, 
regular occlusion of the scalp, and treatment 
with another medication that might interfere with 
the study objective, such as fi nasteride within 
the previous 12 months, minoxidil within the 
previous 6 months, or treatment with other hair 
growth products within the previous 3 months. 
The study was conducted in compliance with 
the guidelines for good clinical practice from the 
International Conference on Harmonization and 
was approved by the review board of the Berlin 
Chamber of Physicians. All subjects provided 
written informed consent. 

 During the 16-week (113 days) treatment 
period, 1 ml of minoxidil 5 % solution (Rogaine ®  
Extra Strength for Men,  purchased from Pfi zer 

corporation and  repackaged by DPT Laboratories) 
or a propylene glycol/ethanol vehicle was applied 
between the frontoparietal and vertex areas of the 
scalp twice daily by the subjects at home. Two 
days before the beginning of treatment, the mea-
surement area (a 1.8 cm 2 , tattooed area in the cen-
ter of the treatment area on the vertex of the 
subject’s scalp) was shaved, and on day 1 (base-
line), it was dyed and digital images for 
TrichoScan ®  evaluations were taken (using a 
Canon ®  PowerShot 95 camera with digital skin 
microscopy device). TrichoScan ®  images were 
repeated after 8 weeks (study day 57) and 16 
weeks (study day 113) of treatment, and again 12 
weeks following the end of treatment (study day 
197). Two days before each scheduled visit, the 
measurement area was re- shaved. The images 
were analyzed at the end of the study using 
TrichoScan ®  Research by an independent 
observer who was blinded to the treatment 
received and who was also unaware of the time 
point in the study for each image. 

 The physician’s global photographic assess-
ment was conducted by assessment of standard-
ized global scalp photographs (frontal and vertex 
views) taken at baseline, after 16 weeks of treat-
ment and 12 weeks following the end of treat-
ment. The images were taken before re-shaving 
the measurement areas for the TrichoScan ®   anal-
yses (study days 2, 111, and 195). A 7-point rat-
ing scale was used to score change in hair growth: 
greatly decreased (−3), moderately decreased 
(−2), slightly decreased (−1), no change (0), 
slightly increased (+1), moderately increased 
(+2), and greatly increased (+3).  

37.4.2     Results 

 Fifty-seven of the 60 subjects enrolled in the 
minoxidil group and 56 subjects in the vehicle 
group completed the study as planned. Three of 
the subjects in the minoxidil group and four in 
the vehicle group discontinued for personal rea-
sons or reasons not related to the study prod-
ucts. No effi cacy data were collected in these 
subjects. The age of the subjects included in the 
statistical analysis ranged from 23 to 49 
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(mean = 38.7, SD = 6.8) in the minoxidil group 
and 25 to 49 (mean = 39.7, SD = 6.4) in the 
vehicle group.  

37.4.3     Hair Growth Parameters 

 Values for hair growth parameters measured 
using TrichoScan ®  are listed in Table  37.1 

   After treatment with 5 % minoxidil, the mean 
hair density increased as expected from 158 
hairs/cm 2  at baseline to 184 hairs/cm 2  after 8 
weeks of treatment and 177 hairs/cm 2  after 16 
weeks of treatment ( p  < 0.0001 at both time 
points) (Fig.  37.2 ).

   The corresponding values for mean terminal 
hair density were 102 hairs/cm 2  at baseline, 113 
hairs/cm 2  after 8 weeks of treatment, and 116 
hairs/cm 2  after 16 weeks of treatment ( p  < 0.0001 
at both time points). Three months after the end 
of treatment (day 197) the mean hair density and 
total hair density had returned to slightly below 
the baseline values (Fig.  37.3 ).

   Signifi cant increases in cumulative hair thick-
ness were also noted under treatment with min-
oxidil. The mean cumulative hair thickness was 
8.2 mm/cm 2  at baseline, 9.4 mm/cm 2  after 8 weeks 
of treatment, and 9.3 mm/cm 2  after 16 weeks of 
treatment (Fig.  37.4 , Table  37.1 ). By 12 weeks 
after the end of treatment, the cumulative hair 
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  Fig. 37.2    Effect of minoxidil 
as analyzed with ANCOVA 
for hair density       

     Table 37.1    Mean and SD of 
hair growth parameters for 
each treatment group   

 Parameter  Treatment  Baseline  8 weeks  16 weeks 

 Total hair density [1/cm 2 ]  Minoxidil  158 ± 48  184 ± 47  177 ± 49 
 Placebo  165 ± 47  167 ± 42  164 ± 43 

 Terminal hair density [1/cm 2 ]  Minoxidil  102 ± 42  113 ± 45  116 ± 42 
 Placebo  111 ± 43  110 ± 39  109 ± 36 

 Cumulative hair thickness 
density [mm/cm 2 ] 

 Minoxidil  8.2 ± 2.9  9.4 ± 3.0  9.3 ± 3.0 
 Placebo  8.8 ± 2.9  8.9 ± 2.8  8.7 ± 2.6 
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  Fig. 37.3    Hair density in 
minoxidil group 3 months 
after withdrawal of treatment       
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thickness returned to baseline values (Fig.  37.5 ). 
In the subjects treated with the vehicle, mean hair 
density, terminal hair density, and cumulative hair 
thickness were similar at all assessment points 
over the study period (Table  37.1 ).

37.4.4         Correlation of Measured Hair 
Counts with Physician’s 
Global Photographic 
Assessment 

 After 16 weeks of treatment with minoxidil, 29 
of 56 subjects were rated as having increased hair 
growth based on comparison of standardized 
global scalp photographs by the physician. In 18 
patients (32.1 %), hair growth was scored as 
slightly increased, in 9 (16.1 %) moderately 
increased, and in 2 (3.6 %) greatly increased. No 
change was reported in the remaining 27 (48.2 %) 
patients. Three months after the end of treatment, 
43 of 55 (75.4 %) patients were rated as having 
no change in growth, 3 (5.3 %) patients having 
slightly increased, and 11 (19.3 %) patients hav-

ing slightly decreased changes in hair growth. In 
the vehicle treated group, only 6 of 54 subjects 
were rated as having increased hair growth on the 
basis of the physician’s photographic assessment. 
In 5 subjects (9.3 %), hair growth was scored as 
slightly increased and in 1 (1.9 %) moderately 
increased. No change was reported in 45 (83.3 %) 
of the subjects and a slight decrease in hair 
growth was reported in 3 (5.6 %) of the subjects. 
Three months after the end of treatment, 42 of 55 
(76.4 %) subjects were rated as having unchanged 
hair growth and 13 (23.6 %) as having slightly 
decreased hair growth. Overall, these values are 
in very good agreement with the TrichoScan ®   
results.   

37.5     Minimal Size of Target Area 

 For hair counting the target area must be clipped. 
Patients already suffering from hair loss often 
fi nd this objectionable and the size of the clipped 
area may have a signifi cant impact on recruitabil-
ity for clinical trials. The size of the target area 
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  Fig. 37.5    Cumulative hair 
thickness in minoxidil group 
3 months after withdrawal of 
treatment       
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must bring together two contrasting needs: On 
the one hand, the size must be large enough to be 
representative for the entire scalp, and on the 
other, it must be small enough that the patient is 
willing and compliant. In our experience areas of 
more than 2 cm 2  are poorly tolerated by patients, 
making patient recruitment diffi cult. While it is 
obvious that the target area affects the sensitivity 
of any method, to our knowledge it is unknown 
what size is suffi cient enough to generate robust 
and valid data. Therefore, we used the data set 
described above and reanalyzed all images of the 
113 subjects (57 minoxidil group and 56 vehicle 
group) with different areas (0.01 cm 2 , 0.06 cm 2 , 
0.25 cm 2 , 0.43 cm 2 , 0.62 cm 2 , 0.81 cm 2 , 1.00 cm 2 , 
1.19 cm 2 , 1.38 cm 2 , 1.54 cm 2 , 1.66 cm 2 ) within 

the original image. The analyzed variable was the 
cumulative hair thickness density (CHTD). 

 For every area, the same statistical analysis, 
the ANCOVA described above, was performed. 
As the number of subjects and images is the same 
for all analyzed areas (i.e., the degrees of free-
dom are equal), the calculated p-values for the 
effect of minoxidil can be compared. The results 
are plotted in Fig.  37.6 . As expected, the highest 
p-value can be seen for the smallest analyzed 
area. From about 0.5 cm 2  there is no more change 
of the p-value. To have a closer look at this, the 
variance of the residuals of the statistical model 
is plotted against the analyzed area (Fig.  37.7 ). 
Apparently, there is a saturation of the variance 
of the residuals with increasing area. The reason 
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  Fig. 37.6    The  p -value as a 
result of the statistics of the 
cumulative hair thickness 
density ( CHTD ) is plotted 
against the investigated area. 
Note that the  p -value is 
plotted logarithmically. For 
comparison a line is shown 
for  p  = 0.05       
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is that the variation has two sources: The varia-
tion between the subjects and the variation due to 
the measurement error. Only the latter can be 
reduced by increasing the analyzed area. Of 
course, the variation due to subject differences 
cannot be diminished. Theoretically, the mea-
surement error decreases reciprocally with the 
analyzed area. Therefore, the data plotted in 
Fig.  37.7  can be fi t very convincingly with a 
hyperbola with an offset – the variance of the 
subjects. Using the variances seen in Fig.  37.7 , a 
sample size calculation can be done. The  standard 
deviation for each analyzed area is calculated 
with the help of the fi tted curve. Figure  37.8  
shows the total sample size plotted against the 
expected difference for different areas. The sam-
ple size was calculated for a two-sided, two- 
sample  t -test with a signifi cance level of 0.05 and 
a power of 0.8.

37.6          Centering of Target Area 

 In every trial the target area must be defi ned and 
this can be easily accomplished with a small red 
dot tattoo. Some investigators prefer two tattoos 
located on the left lower and right upper edge but 
outside the image, rather than a single tattoo 
within the image. Canfi eld’s technology 
 introduced the “target area hair count,” which 
maps the target area of the same patients at differ-
ent visits and via an image overlay ensuring that 

the tattoo is always centered and the same 1 cm 2  
is counted. To assess whether such a technical 
approach is really necessary, we used the data set 
described above and reanalyzed all images of 
those 113 subjects but with three different 1 cm 2  
areas within the original image (Fig.  37.9 ).

   Even with a shift of 2 mm, the correlation of 
the cumulative hair thickness density is very 
good (Fig.  37.10 ,  r  = 0.991). For the sake of sim-
plicity, the difference between day 113 and base-
line was analyzed using a two-sample  t -test. The 
analysis was done for all nine combinations of 
TrichoScan ®  data at baseline and day 113; base-
line left-shifted data with day 113 left-shifted, 
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  Fig. 37.9    TrichoScan ®  images were analyzed three more 
times. The  white circle  represents the situation where the 
tattoo is 100 % centered within a 1 cm 2  target area. The 
 blue and green circles  represent target areas where the tat-
too is 1 mm left and right “off center”       
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not shifted, and right-shifted data; and so on. 
Actually, looking at the p-values, no difference or 
trend can be seen according to a shift. So, even a 
shift of 1 mm does not affect the result which 
implies that even smaller shifts caused by not 
exactly hitting the same area at a following 
 measurement should not relevantly affect the 
results (Fig.  37.11 ).

37.7         Discussion 

 Minoxidil is reported to halt and/or slow hair loss 
in a majority of men with androgenetic alopecia 
(AGA). In a post-marketing surveillance study of 
733 men with AGA, the majority (60 %) of patients 
reported effi cacy with respect to reduction of 
affected scalp area, promotion of new hair growth, 
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and improvement of hair density. Olsen [ 13 ] com-
pared the effi cacy of 2 and 5 % topical minoxidil 
solutions, and 5 % minoxidil ( n  = 157) was found 
to be signifi cantly superior to 2 % minoxidil 
( n  = 158) in terms of nonvellus hair count and scalp 
coverage over a 48-week treatment period. 
Nonvellus hairs were identifi ed by manual mark-
ing of all pigmented hairs identifi ed in macropho-
tographs of clipped hair in a 1 cm 2  target area. A 
concentration-dependent increase in the number 
of non-vellus hairs was already noted at the fi rst 
assessment point following 8 weeks of treatment. 

 Using TrichoScan ®  it was possible to  reproduce 
the increase in hair count of all hairs and terminal 
hairs (>40 μm diameter) following 8 weeks of 
treatment with 5 % minoxidil in a smaller sample 
size of 57 men with AGA. Further, the cumulative 
hair thickness, an important cosmetic parameter 
refl ecting scalp coverage, was also shown to be 
signifi cantly increased after only 8 weeks of treat-
ment. These results were supported by the results 
of the physician’s global photographic assessment 
as well as the subject assessment. The good agree-
ment of these data with historical data for 5 % 
minoxidil underscores the sensitivity of the 
TrichoScan ®  methodology and its usefulness as a 
tool in hair growth studies. The full automation of 
this analysis system, which eliminates the neces-
sity of time- consuming and more error-prone 
manual marking of hairs, makes it particularly 
attractive as a clinical research tool. 

 In clinical studies, one of the major factors 
driving sample size is variability from various 
sources. By lowering the variability of the of the 
analysis method, the study sample size can be 
reduced accordingly. This makes the TrichoScan ®  
technique particularly attractive for clinical stud-
ies with treatment comparisons. 

 In addition, we were able to show that a visi-
ble, centered tattoo is enough to generate valid 
results and that a minimal target area size of 
1 cm 2  is necessary to calculate robust and reliable 
results, although larger target area sizes are asso-
ciated with lower standard deviations.     
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38.1            Introduction 

 The purpose of this chapter is to provide an over-
view of elastic behavior of hair focusing on its 
stress-strain characteristics. The measurements 
of tensile properties of hair proved to be particu-
larly useful approach to elucidate the physico-
chemical changes in hair caused by environmental 
factors or brought about by cosmetic treatments. 
The absorption of moisture by hair strongly infl u-
ences the relationship between the structural 
hierarchy of hair and its tensile properties becom-
ing a dominant factor of hair elasticity.  

38.2     Some Salient Aspects of Hair 
Structure 

 Emerging from the scalp, hair embodies the mar-
vel of biomolecular engineering accomplished by 
its follicular origin. A smooth and shiny fi ber, 
strong and elastic, water-repellent yet moisture 
absorbing, wavy, curly, or straight in shape, and 
spanning a gamut of melanin-derived, iridescent 
colors – it can truly claim the “crowning glory” 
epithet. 

 The patent morphology of hair appears quite 
straightforward. The outer layer of cuticle cells 
comprises a protective sheath around the elon-
gated spindle-shaped cells of the cortex which 

forms the main shaft of the fi ber and is the source 
of its mechanical strength.    The airy cells of the 
medulla together with the melanosomes both 
 situated within the cortex complement the struc-
tural profi le. However, this picture, simple as it 
appears, is highly misleading. Except for the pig-
ment    and the medulla, both the cuticle and cortex 
are highly complex structures skillfully designed 
for functional and lasting performance of hair 
(Fig.  38.1 ).

38.3        Cuticle 

 The cuticle cells are in the form of fl at, square 
sheets, 0.5 μm thick, and 50 μm in length. Their 
proximal portions are fi rmly attached to the cor-
tex while the distal edges protrude towards the tip 
of the fi ber. Extensive overlapping of the cells 
(up to 5/6 of their length) results in a thick band 
of cuticle layer (up to 3 μm thick) and gives the 
hair a ratchety appearance. These imbrications 
are highly functional. By interlocking with the 
pointing downwards cuticle cells of the inner 
root sheath, they contribute to the follicular 
anchorage of the growing hair. The imbricated 
surface also serves as a self-cleaning fi xture. As 
the hairs grow and move relative to each other, 
the outward pointing cuticular edges facilitate 
removal of trapped dirt particles and desqua-
mated cell from the scalp. 

 In the course of the process of hair formation, 
a stratifi ed structure develops within each cuti-
cle cells displaying layers of different textures 
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forming an internal mosaic of proteins, lipids, 
and carbohydrates. The outer surface of each 
cuticle is covered by a thin (15 nm) continuous 
membrane of the epicuticle below which a cys-
tine-rich A layer abuts the major component of 
the cuticle—the exocuticle. The latter is also 
densely cross- linked by disulfi de bonds in con-
trast to the adjacent, hydrophilic layer of the 
endocuticle. Each cuticle is surrounded and sep-
arated from its neighbors by the cell membrane 
complex (CMC). The description of the structural 
elements of the cuticle would be incomplete 
without mentioning the 18-methyleicosanoic 
acid (18-MEA). An important lipid constituent 
of the cuticular CMC, the 18-MEA, is covalently 
linked to its protein components [ 1 ]. It has been 
ascertained that a thin layer of 18-MEA is also 
grafted onto the outer surface of each cuticle [ 2 ]. 
The presence of such lipid fi lm confers to the 
hair surface attribute of low friction with con-
comitant hydrophobic character. 

 It is noteworthy how well the cuticle sheath 
has been adapted to meet the environmental chal-
lenge. A water-repellant surface facilitates drying 
of hair while the cuticular imbrications keep the 
hair and the scalp clean. The densely cross-linked 
outer layers provide stability and a measure of 
protection against mechanical assaults while 
cushioning the effects of physical impacts with a 
softer stratum of endocuticle. 

 The layers of overlapping cells constitute a for-
midable diffusion barrier that must be taken into 
account when devising processes for chemical 
modifi cation of hair. Yet, as most of the reactive 

treatments are carried out in an aqueous environ-
ment, it is fortuitous that a potentially easy pas-
sage can be channeled through the endocuticle 
whose low cross-link density combined with its 
hydrophilic character make it highly water 
swellable.  

38.4     Cortex 

 The morphologically dominant and mechani-
cally most important component of hair is made 
of elongated, spindle-like cells, approximately 
100 μm long and 5 μm across at the maximum 
width. The cells are tightly bundled together and 
oriented parallel to the axis of the fi ber. They are 
fused together by a modifi ed CMC providing 
strong intercorticular adhesion. Viewed under 
the electron microscope, each cortical cell is 
packed with fi ne, long, and axially oriented uni-
form fi laments (microfi brils) that consist of 
highly organized helical proteins responsible for 
the diagnostic X-ray diffraction pattern of 
α-keratins. The microfi brils are about 7 nm in 
diameter and are grouped into larger units called 
macrofi brils. By using a specifi c staining tech-
nique, the structural resolution of these fi brillar 
assemblies was ascertained. The results indicate 
that each macrofi bril represents a structural com-
posite consisting of rods of microfi brils embed-
ded in cystine-rich matrix with the fi brils 
accounting for approximately 50–60 % of the 
cortex material (Fig.  38.2 ).

  Fig. 38.1    Transmission electron micrograph of longitu-
dinal hair section         Fig. 38.2    Transmission electron micrograph of hair fi la-

ment/matrix texture (Courtesy of Dr. J. Sikorski)       
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   The fi lament/matrix texture is a hallmark of 
the strongest materials that have evolved in 
nature [ 3 ]. They are typically made up of two 
components with contrasting properties of 
strength and elasticity – the elastic, load-bearing 
fi laments surrounded by a pliable matrix. Under 
load, the easily deformed matrix distributes the 
stress evenly over the fi laments thus preventing 
propagation of cracks from local imperfections 
or rupture points.  

38.5     Physical Properties 

 As with all materials the mechanical properties 
comprise a bulk property, the extensibility of the 
whole fi ber being a summation of the extensibil-
ity of bonds holding the keratin together. In pres-
ence of water some cohesive bonds become 
labile allowing the structure to fl ow, whereas oth-
ers stay unaffected. The nature of hair interaction 
with water is the dominant factor in the fi ber 
response to both physical and chemical stimuli.  

38.6     Water Sorption and Swelling 

 The chemical composition of keratin fi ber lies at 
the root of their high affi nity for water extending 
over the whole range of relative humidities 
(Fig.  38.3 ). The adsorption and desorption curves 
exhibit hysteresis. At any given RH (relative 
humidity) between 0 and 100 %, the hair contains 
less water when it is absorbed from the dry than 
when it undergoes desorption from the wet state. 
For most of the fi bers, the absorption isotherms 
are fairly similar but diverge at the saturation 
point suggesting that under such conditions the 
water uptake and associated with it swelling 
might be controlled by restraints in its molecular 
structure. A good case in point is made by 
 absorption characteristic of hair subjected to cos-
metic treatments such as waving, bleaching, or 
relaxing which cause some disruption in the 
native structure of hair by attendant cleavage of 
the disulfi de cross-links (Table  38.1 ).

    Although water vapor penetrates hair readily, 
there is binding selectivity and accessibility 
restraints within the fi lament/matrix texture. 

X-ray diffraction studies [ 4 ] showed conclusively 
that water sorbed by hair is preferentially confi ned 
to the matrix component bringing about signifi -
cant swelling of this phase in comparison to the 
microfi brils which are relatively impenetrable by 
water. A consequence of this differential response 
is the highly anisotropic swelling behavior of hair. 
Thus the diametrical swelling on complete hydra-
tion (>12 %) is over one magnitude higher than 
the length change (1 %) of the fi ber. Feughelman 
and Bendit [ 5 ] point out that as the biosynthesis of 
hair occurs in moist environment, both the micro-
fi brils and matrix will be in mechanical equilib-
rium in fully hydrated hair. Upon drying, the 
matrix contracts resulting in only small longitudi-
nal compression of the microfi brils. 

 As both the amino acid composition and fi ber 
morphology of hairs of different ethnic origins are 
quite similar, one should not expect (and none 
have been found) any major differences in their 
water sorption and swelling characteristics. Recent 
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  Fig. 38.3    Moisture absorption isotherms of human hair       

   Table 38.1    Effect of hair treatments on moisture uptake 
by hair (wt %)   

 Treatment 

 Moisture regain (% at) 

 Liquid water  65 % RH  95 % RH 

 Intact  15  32  34 
 Bleached  16  35  50 
 Waved  15  33  41 
 Relaxed  15  34  57 
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publication by Franbourg et al. [ 6 ], however, 
strongly suggests that Afro-American hair equili-
brates at signifi cantly lower moisture content at 
corresponding relative humidities and exhibits less 
swelling than either Caucasian or Asian hair. As of 
now there is no satisfactory explanation to account 
for this fi nding except for suggestions, made by 
the authors, that internal lipids might be involved.  

38.7     Load Extension 
Properties of Hair 

 The fi rst comprehensive studies of the mechani-
cal properties of α-keratin fi bers were carried out 
by Speakman [ 7 ]. He has shown that when the 
fi ber is stretched, the relationship between the 
stress and strain demonstrates three distinct 
regions of extension (Fig.  38.4 ). Up to about 2 % 
of strain, the load rises rapidly, and there is a lin-
ear relationship between stress and strain which 
is referred to as the Hookean region. As the fi ber 
is extended further, one encounters the yield 
region where only a small increase in stress gen-
erates a large increase in strain (up to about 
30 %). This follows an infl ection in the curve; the 
hair becomes stiffer with increase in strain (post- 
yield region) and persists until it breaks. The 
three regions are most distinctly defi ned in water 
where the slopes of the linear portions of stress- 
strain curve for the Hookean, yield, and post- 
yield regions are in approximate ratio of 100:1:10. 
An increase in hydration of hair brings about pro-
gressive lowering of the Young modulus and, due 
to the swelling anisotropy of hair, a drastic 
decrease in the rigidity modulus. This depen-
dence on moisture content is shown in Fig.  38.5  
illustrating the fact that while the Young modulus 
decreases by factor 2.7 between 0 and 100 % 
relative humidity, the rigidity modulus drops by 
factor 15 over the same range.

    These observations of differential changes in 
moduli with hydration with the background of 
the fi lament/matrix texture led Feughelman [ 8 ] to 
the postulate of a two-phase model of α-keratin 
fi bers consisting of rigid, elastic, and water- 
impenetrable rods (microfi brils) parallel to the 
fi ber axis embedded in the matrix phase which is 
accessible to and weaken by water. 

 Each of the regions of the stress-strain curve 
refl ects the different character of structural bonding 
within the fi ber. The stiffness of the Hookean region 
is attributed to the elastic stability of the hydrogen-
bonded α-helices which, beyond the yield point, 
unfold reversibly into β-confi guration. The cova-
lent disulfi de cross-links appear, on the other hand, 
to be a controlling factor in the bond network that 
oppose extension in the post-yield region. 

 Speakman’s observation that the keratin fi bers 
which are extended in water no further than the 
yield region have the ability to recover fully their 
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  Fig. 38.4    A stress-strain curve of a keratin fi ber       
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properties when subsequently relaxed in water 
proved of exceptional value in assessing simply 
and accurately the changes in their properties 
associated with chemical or physical treatments. 
The technique involves determination of work 
required to stretch the hair 30 % (calibration step) 
followed by overnight relaxation in water, sub-
jecting the fi ber to intended treatment and 
restretching. The change in work (RW30) 
expressed as the percentage of the calibrated 
value provides the information of changes 
imparted by the treatment. As each hair has its 
own control, few tests suffi ce to generate reliable 
results, and there is no need to account for varia-
tion in fi ber diameter. This method has been 
extensively employed as a test for hair damage in 
waving, bleaching, coloring, etc. By adjusting the 
pH of the testing solution, insight can be gained 
as to the Coulombic (electrostatic) interactions in 
hair, testing in solvents and their combinations 
with water yields information on the accessibility 
of hair to various reagents. Over the years, sev-
eral modifi cations of the technique have been 
introduced including replacing the overnight 
relaxation by 1-h water exposure at 52 °C [ 9 ]. 

 As the reactivity of the disulfi de bonds in hair 
is signifi cantly increased by stretching the 
fi bers [ 10 ], a question arose whether the calibra-
tion step might sensitize the fi ber to subsequent 
treatments. Evaluation of tensile properties of 
hair fi bers that had been calibrated and then 
together with unstretched controls submitted to 
oxidative treatment with alkaline peroxide 
revealed that calibration step has no effect on the 
subsequent treatments [ 11 ]. 

 It is essential to point out that the mechanical 
properties of hair vary with temperature and the 
relative humidity at which the fi bers are tested. 
Thus, strictly adhered-to testing procedure must be 
followed to assure the validity and reproducibility 
of the results. In this respect, performing the tensile 
tests in water is often more convenient—the envi-
ronment of 100 % is assured and the temperature 
control is easy to maintain. Also, due to the plasti-
cizing effect which water exerts on keratin, the 
interplay of structural bonding in different region 
of the stress-strain curve is easier to interpret. 

 While the technique described above is very 
useful in portraying changes in hair resulting 

from variety of cosmetic treatments, the 
 intermittent stress relaxation measurements per-
mit insight into the process itself as it occurs in 
the fi ber [ 12 ]. This is of particular value in case 
of reactive treatments such as waving or straight-
ening where the knowledge of the kinetics of the 
process is invaluable and essential in designing 
potential process improvements. The coinciden-
tal advantage of such measurements is that they 
are carried out at very low strain levels, which 
mimics the conditions of product application.  

38.8     Brief Survey of Tensile 
Testing of Hair 

 Simplicity and the accuracy of the measurement 
technique combined with the wealth of reliable 
information it can provide made the evaluation of 
tensile properties an indispensable tool in funda-
mental and applied hair research. The availability 
of modern instrumentation (Instron, Diastron) 
has made it easy to carry out measurements in 
well-controlled environment, thus expanding 
both the scope and reliability of collected data. 

 Although the calibration technique of Speakman 
is highly effective in exploring and characterizing, 
hair response to range of reactive treatments is less 
suitable when testing requires environment other 
than water and where the tensile parameters of 
choice are primarily breaking stress and breaking 
extension. The latter are relatively well compre-
hended by the public for whom the fi ber strength is 
tantamount to the hair “wellness.” 

 To provide statistical reliability, the measure-
ments are usually carried out with large number 
of fi bers, and a question may arise as to what 
extent the cuticle might be a factor in data analy-
sis. The rationale behind the question seems rea-
sonable bearing in mind that in case of fi ne fi bers, 
the cuticle layer can account for as much as 35 % 
of the total mass of the hair (cuticle layer aver-
ages 3.5 μm in thickness and is diameter invari-
ant). Also lack of any axially oriented structure 
within the cuticle together with the hydrophilic 
amorphous endocuticle would imply a weaker 
mechanical performance than that of cortex. Yet, 
all published information on this subject [ 13 – 15 ] 
clearly indicates that the tensile properties of dry 
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or wet hair fi bers show no difference with the 
change of the cuticle/cortex ratio. While the ten-
sile data for dry fi bers might not be surprising as 
the dry modulus of cuticle is not much different 
from that of cortex the results for wet fi bers are 
unexpected in view of the fact that computed 
modulus of wet cuticle layer is much less than 
that of the microfi brils [ 16 ]. It is conceivable that 
on hydration some ordered structure might arise 
in the cuticle as the latter is under signifi cant 
stress from the expanding matrix of the cortex 
that would enhance its mechanical performance. 
There is some evidence of stress birefringence in 
swollen cuticle layers [ 14 ] 

 A number of comparative studies of hair of 
different ethnicities [ 17 ] show similarity in 
chemical composition that extends to the protein-
aceous makeup of the fi lament/matrix texture, 
and it is not particularly surprising that tensile 
measurements follow suit except for the African 
hair which is characterized by relatively wide 
span of the results for both the breaking strength 
and breaking extension as shown in Table  38.2 .

   One must wonder to what extent is this due to 
the harvesting technique employed as well as the 
fact (often observed by the author) that quite a 
number of individual hairs show evidence of pro-
nounced axial shifts resulting in narrow seg-
ments. The latter have always proven to be weak 
points at which the fi bers invariably break. 

 The weathering of hair is a seasonal affair, and 
the most obvious manifestation of exposure to 
sunlight is hair bleaching. This photobleaching 
phenomenon is caused by oxidative destruction 
of the melanin pigment which, ironically, is both 
the site of light absorption and production (in 
presence of oxygen) of superoxide moiety 

involved in pigment destruction [ 18 ]. Prolonged 
exposure leads to signifi cant loss of cystine and 
weakening of the fi ber as shown by a decrease in 
both the Young modulus and ultimate strength. 
Surprisingly the loss in strength is much less than 
anticipated from the extent of cystine degrada-
tion. This is, apparently, due to network of cross- 
links formed in the course of weathering [ 17 ,  19 ] 

 Loss of pigmentation in aging (hair graying) 
leads often to individual complains of yellowing, 
undesirable changes in texture, and perception of 
increased stiffness. Studies on mechanical prop-
erties of gray hair while detecting some slight 
increase in strength on graying at the individual 
level (pigmented and nonpigmented hair from 
the same head of hair) found no evidence at the 
global scale [ 20 – 22 ]. 

 Heat setting of hair is a popular and convenient 
technique for set impartation and is readily accom-
plished by the use of heated rollers. A legitimate 
question arises as to the potential of heat damage to 
hair with frequent use of such appliances. 
Experiments were performed with two types of 
appliances whereby the hair tresses were set repeat-
edly (50 setting cycles) and their tensile breaking 
strength and breaking extension evaluated. No 
apparent changes were evident. Furthermore, the 
supercontraction characteristic (a sensitive test for 
latent damage) of both the tested fi bers and con-
trols was virtually identical suggesting acceptable 
safety of the setting procedures [ 23 ]. 

 Recently the tensile measurements have been 
resorted to [ 24 ] in assessing the effect of daily 
oral intake of orthosilicic acid on hair. The study 
involving 48 women lasted for 9 months. Hair 
morphology and tensile properties were evalu-
ated before and after treatment. There was small 
increase in hair thickness and corresponding 
change in the breaking load and elasticity but not 
in the breaking stress. 

 As an aside I would like to bring up the word 
“stronger.” It is used often in the context of prod-
uct claims, referring most often to “hair breakage.” 
As the latter usually results from hair combing or 
brushing, the strength of the individual hair fi bers 
is of little relevance. The breakage encountered in 
such situation is the result of the entanglements of 
fi bers when in contact with a comb or brush and is 

   Table 38.2    Tensile properties of hair of different ethnic 
origin   

 Hair type 

 Breaking strength 
(MPa) 

 Breaking 
extension (%) 

 At 65 % 
RH 

 In 
water 

 At 65 % 
RH 

 In 
water 

 Caucasian  178–188  155–165  38–49  49–61 
 Asian  185–190  158–165  43–47  48–62 
 African  112–191  94–160  29–42  42–54 
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primarily caused by interfi ber friction. Lowering 
this friction, for example, by application of condi-
tioner, will signifi cantly decrease the extent of 
breakage yet the conditioner, clearly and assur-
edly, did not make the hair stronger.     
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39.1            Introduction 

 Videodermatoscopy (VD) is a new technique 
(see Chap.   1    ) that, allowing the visualization at 
high magnifi cation (×10 to ×1,000) of hair and 
scalp skin, has been increasingly and success-
fully used in the evaluation of different hair and 
scalp disorders (Table  39.1 ), either as a diagnos-
tic device or as a useful tool to identify and visu-
alize some pathogenetic mechanisms in 
investigational settings [ 1 – 8 ]. When used to 
study hair disorders, VD is sometimes defi ned as 
 trichoscopy  by some authors [ 4 ,  5 ,  8 ,  9 ]. The 
usual working magnifi cations range from ×20 to 
×200, much greater than those provided by hand-
held dermoscope that allows a rapid and easy 
evaluation of hair but reaches only tenfold mag-
nifi cation, with no possibility of precise measure-
ments or image storing [ 8 ].

39.2        Hair Loss 

 VD may be used in the diagnosis and follow-up 
of different types of hair loss (Table  39.1 ). In a 
patient presenting with this complaint, a number 
of variably combined VD features may be identi-
fi ed (Table  39.2 ).

   The knowledge of normal VD appearance of 
scalp and hair is essential. It is characterized by 
the presence of regularly spaced follicular open-
ings containing 2–3 terminal hairs and 1or 2 vel-
lus hairs inside [ 6 ] (Fig.  39.1 ). Normal hair 
shafts are uniform in shape and color [ 9 ]. About 
10 % of normal hairs of the scalp are short, 
hypopigmented vellus hairs [ 9 ]. In dark skinned 
individuals, a perifollicular pigmented network 
(honey comb pattern) is usually appreciated [ 6 ].

39.3        Androgenetic Alopecia 

 VD signifi cantly enhances the diagnosis and the 
evaluation of response to therapy of androgenetic 
alopecia (AGA). An increased ratio of vellus hairs 
is characteristic for AGA [ 9 ]. The typical VD fea-
ture of AGA is represented by the  so-called hair 
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    Table 39.1    VD in hair and scalp disorders   

  Hair loss  
 Androgenetic alopecia 
 Alopecia areata 
 Telogen effl uvium 
 Trichotillomania 
 Congenital triangular alopecia 
 Tinea capitis 
 Scarring alopecia 
  Parasitoses  
 Pediculosis 
 Scabies 
  Psoriasis  
  Hair shaft disorders  
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   Table 39.2    VD features in hair loss   

 Yellow dots  Follicles plugged with keratin 
and sebum 

      
 Black dots  Follicles containing broken hair 

remnants ( cadaverized hairs ) 

      
 White dots  Expression of follicular fi brosis 

      
 Red dots  Widened follicles plugged by 

keratin and surrounded by dilated 
vessels and extravasated 
erythrocytes 

      

F. Dinotta et al.
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diameter diversity (HDD). It is one of the earliest 
signs of the disease resulting from hair miniatur-
ization that does not equally affect all the hair fol-
licles of the same area, resulting in the 
simultaneous presence of terminal, intermediate, 
and vellus hair (Fig.  39.2 ). HHD involving almost 
>20 % of hair is indicative of AGA. Another VD 
aspect in AGA is the predominance of single over 
multiple (from 2 to 4) hairs in the follicles com-
pared to normal subjects [ 4 ,  6 ]. Additional fea-
tures include brown haloes at the follicular 

ostium, due to a superfi cial  perifollicular lympho-
cytic infi ltrate in an early stage of the disease 
[ 10 ], and yellow dots, corresponding to the pres-
ence of intact sebaceous glands adjacent to minia-
turized hair follicles [ 9 ]. Finally, a honeycomb- like 
pigmented network is found in scalp areas that are 
sun exposed with progression of baldness [ 3 ,  6 ].

   VD is particularly useful in distinguishing 
female AGA from chronic telogen effl uvium: 
some authors proposed three major criteria for 
female AGA, represented by more than four 

 Exclamation-mark hairs  Fractured hairs whose tip is wider 
than the proximal portion of the 
shaft ( tapered hair ) 

      
 Broken hairs  Fractured hairs with uniform 

shaft diameter 

      
 Vellus hairs  Hairs 0.03 mm or less in 

thickness, representing 
miniaturized hairs or regrowing 
hairs 

      

Table 39.2 (continued)
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 yellow dots in four images (70-fold magnifi ca-
tion) in the frontal area, lower average hair thick-
ness in the frontal area compared to the occiput, 
and more than 10 % of vellus hairs (below 
0.03 mm) in the frontal area [ 11 ].  

39.4     Alopecia Areata 

 Alopecia areata (AA) VD fi ndings include yel-
low dots, dystrophic hair shafts, and hypopig-
mented vellus hairs (Fig.  39.3 ) [ 2 ,  6 ,  12 ,  13 ]. The 
evaluation of these fi ndings is important both for 
diagnostic purposes as well for treatment follow-
 up. Yellow dots, which may be observed through 
the epiluminescence technique, are described as 
yellow to yellow-red, round, or polycyclic dots 
of different sizes and correspond to dilated 

 follicular openings [ 2 ,  6 ,  12 ]. They may be 
observed both in acute and chronic forms of AA. 
Dystrophic hair shafts are indicative of anagen 
alterations [ 6 ,  9 ], and at VD observation may 
appear as black dots (anagen arrest causes 
hair shafts fracture before emergence from the 
scalp), broken hairs, and exclamation-mark hairs 
(growth of the broken shafts) and indicate strong 
disease activity [ 1 ,  6 ,  12 ]. Conversely, short 
hypopigmented vellus hairs are usually indica-
tive of remitting disease (Fig.  39.4 ). In one study, 
yellow dots and short vellus hairs have been 
regarded as the most sensitive signs of the dis-
ease, while exclamation- mark hair and black 
dots as the most specifi c [ 12 ].

    VD may be also useful for the diagnosis of 
AA incognita, a form of AA characterized by 
acute diffuse shedding of telogen hairs in the 
absence of typical patches, clinically misdiag-
nosed as telogen effl uvium or AGA [ 14 ].  

39.5     Telogen Effl uvium 

 There are no specific VD features of telogen 
effluvium, and the diagnosis is generally of 
exclusion. This frequent condition may be 
suspected for the presence of empty hair fol-
licles and short, dark regrowing hairs, in the 
absence of features characteristic of other 
scalp disorders [ 15 ].  

  Fig. 39.1    VD appearance of normal scalp (×100)       

  Fig. 39.2    VD of androgenetic alopecia: presence of  hair 
diameter diversity  (×100)       

  Fig. 39.3    VD of alopecia areata: presence of  yellows 
dots ,  black dots , and exclamation-mark hairs, indicative 
of acute disease (×100)       

 

 

 

F. Dinotta et al.



435

39.6     Trichotillomania 

 VD evaluation improves the diagnosis of tricho-
tillomania and is a useful tool in differentiating 
this compulsive disorder from other form of alo-
pecia, limiting the need for skin biopsy [ 2 ,  16 ]. 
At VD, hair appears broken at variable lengths 
with the extremities showing a characteristic 
frayed aspect derived from the habit of pulling 
hair out. Black dots and exclamation-mark hairs 
may also be observed [ 9 ,  17 ].  

39.7     Congenital Triangular 
Alopecia 

 VD examination of the triangular-shaped alope-
cia, generally localized in the frontotemporal 
hairline, shows the presence of normal follicular 
openings and numerous vellus hairs surrounded 
by normal terminal hairs in the adjacent scalp 
(Fig.  39.5 ) [ 6 ,  18 ].

39.8        Tinea Capitis 

 The presence of specifi c  comma - shaped hairs  
and/or  corkscrew hairs , likely a result of subse-
quent cracking and bending of a hair shaft fi lled 
with the hyphae, may be observed within alope-
cic patches caused by tinea capitis. This fi nding 
may be seen along with broken and dystrophic 
hairs [ 9 ,  19 ,  20 ].  

39.9     Scarring Alopecia 

 VD evaluation of scarring alopecia provides 
important diagnostic clues, although scalp biopsy 
is generally required to assess the fi nal diagnosis. 

 In all types of scarring alopecia, VD shows 
absence of follicular openings at variable degree. 

39.9.1     Lichen Planopilaris 

 VD shows whitish scales (or casts) surrounding 
the hair shafts up to few millimeters above scalp 
surface, especially at the periphery of the patch 
[ 9 ]. White dots, expression of follicle fi brosis, are 
generally observed in the alopecic areas (Fig.  39.6 ). 
Sometimes, the presence of perifollicular arboriz-
ing vessels has been reported [ 2 ,  21 ]. Similar fi nd-
ings have been described in frontal fi brosing 
alopecia [ 22 ]. In this variant of lichen planopilaris, 
characterized by frontotemporal hair recession, 
another characteristic fi nding is the abrupt inter-
ruption of the hairline, with absence of vellus hair 
typically observed in normal scalp (Fig.  39.7 ).

39.9.2         Discoid Lupus Erythematous 

 Several but not specifi c VD features have been 
reported, as perifollicular white scales and large 
yellow dots surrounded by arborizing and tortuous 
vessels [ 2 ,  9 ]. Red dots, appearing as erythematous 

  Fig. 39.4    VD of alopecia areata: presence of hypopig-
mented vellus hairs indicative of remitting disease (×100)       

  Fig. 39.5    VD of congenital triangular alopecia: vellus 
hairs surrounded by normal terminal hairs in the adjacent 
scalp (×100)       
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roundish structures around the follicular openings 
and corresponding to widened infundibula plugged 
by keratin and surrounded by dilated vessels and 
extravasated erythrocytes, seem to be related to a 
good prognosis (Fig.  39.8 ) [ 23 ].

39.9.3        Folliculitis Decalvans 

 In active forms, the presence of interfollicular 
twisted red loops, similar to those of psoriasis, 
has been reported. When scarring alopecia 
occurs, VD highlights the reduction of follicular 
openings and the presence of multiple hairs 
emerging from single and dilated follicular open-
ings (tufted folliculitis) [ 2 ,  24 ,  25 ].  

39.9.4     Cicatricial Marginal Alopecia 

 It is characterized by reduction in hair follicle 
density (loss of follicular ostia) and absence of 
signs of infl ammation or traction [ 26 ].  

39.9.5     Sarcoidosis 

 Although rare, scarring alopecia can occur. VD 
shows decreased hair density associated with peri-
follicular and follicular yellowish to pale- orange 
round spots or diffuse orange discoloration with 
prominent telangiectasia. Dystrophic hairs may 
indicate granulomatous activity [ 27 ].   

39.10     Therapeutic Monitoring 
of Hair Loss with VD 

 VD represents a useful tool for monitoring treat-
ment of hair loss [ 6 ]. In AGA, evaluation of 
HHD may be assessed during treatment com-
paring VD images of the same areas, better if 
previously marked. In AA, the effi cacy of the 
treatment may be assessed by the degree of 
signs of disease activity (black dots and excla-
mation-mark hairs), presence of short hypo-
pigmented vellus hairs, and signs of the 
transformation of vellus into terminal hairs 
(increased proximal shaft thickness and 
 pigmentation) [ 13 ].  

  Fig. 39.6    VD of lichen planopilaris: absence of follicular 
openings and presence of  white dots  and  whitish scales  
surrounding the residual hair shafts (×100)       

  Fig. 39.7    VD of frontal fi brosing alopecia: absence of 
follicular openings and presence of  white dots  and  whitish 
scales  and abrupt interruption of the hairline (×100)       

  Fig. 39.8    VD of discoid lupus erythematous: presence of 
 red dots  (×100)       
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39.11     Parasitoses 

39.11.1     Pediculosis 

 The diagnosis of  Pediculosis capitis  (head lice) is 
generally based on the clinical identifi cation of 
either adult lice ( Pediculus humanus ) or viable 
nits through close-up examination. Louse combs 
and the magnifying lens represent additional 
diagnostic tools which increase the possibility to 
identify live lice [ 28 ]. VD ensures a more detailed 
evaluation of both mites and eggs; this is particu-
larly useful to detect post-treatment residual eggs 
[ 29 ,  30 ]. VD unequivocally shows the presence 
of full, viable nits, with a rounded free ending, 
fi xed to the hair shaft (Fig.  39.9 ). VD allows a 
rapid differentiation from empty nits, appearing 
as translucent structures with a fl at and fi ssured 
free ending, or scales of different origin or 
pseudo-nits (hair casts, debris of hair spray or 
gel, or seborrheic scales), which appear as amor-
phous, whitish structures [ 30 ,  31 ], with remark-
able effects on the therapeutic management. 
Furthermore, VD does not require hair pulling, so 
that a large scalp area can be investigated with 
minimal discomfort to the patient. Finally, a close 
and accurate VD examination may disclose the 
morphology and physiology of the lice them-
selves, together with proving the pediculocidal 
activity of topical agents [ 32 ]. In addition, VD 
examination may enhance patient compliance to 
therapy, showing the presence, persistence, or 
resolution of the infestation on a VD monitor [ 6 ].

   The diagnostic effi cacy of VD may be 
extended to  Phthiriasis pubis  infestation (pubic 
lice) [ 6 ]. It can be of particular importance in 
children, where the margin of the scalp and the 
eyelashes are the most common site of infesta-
tion. As observed in head lice, VD ensures a more 
detailed evaluation of both parasites and nits.  

39.11.2     Scabies 

 VD is a useful, noninvasive, well-known technique 
for the diagnosis of scabies [ 7 ], allowing a rapid and 
clear in vivo detection of the diagnostic features, 
such as burrows and mites at magnifi cations rang-
ing from ×40 to ×200 and eggs or feces at higher 
magnifi cations, up to ×600 (see Chap.   1    ). Scalp 
involvement is generally limited to newborn and 
immunocompromised patients, but might be 
responsible for some cases of persistent infestation 
in immunocompetent adults, representing the reser-
voir of the mite, as this site is generally spared from 
standard therapies [ 33 ]. VD can be easily used for a 
detailed inspection of the scalp, especially in those 
cases that are persistent or resistant to therapy [ 6 ].  

39.11.3     Psoriasis 

 As extensively described in Chap.   1    , VD exami-
nation of the psoriatic plaque at high  magnifi cation 
(>×100) shows the presence of typical tortuous 
and dilated  bushy  capillaries (Fig.  39.10 ) [ 34 ]. 

  Fig. 39.9    VD of head lice: nits fi xed to the hair shaft 
(×100)       

  Fig. 39.10    VD of scalp psoriasis: presence of typical 
 tortuous and dilated  bushy  capillaries (×200)       

  

39 Use of Videodermatoscopy in Scalp Disorders

http://dx.doi.org/10.1007/978-3-642-32109-2_1
http://dx.doi.org/10.1007/978-3-642-32109-2_1


438

VD may be a useful and noninvasive method for 
differentiating psoriasis and seborrheic dermati-
tis [ 35 – 37 ], especially when the scalp is the only 
affected site. In this case, the diagnosis may be 
sometimes diffi cult and may be relevant for the 
long-term prognosis, especially in patients with 
arthritis, in which deciding whether erythema-
tous scaly plaques on the scalp are psoriasis or 
seborrheic dermatitis may infl uence the interpre-
tation of the rheumatic symptoms. In a study VD 
was employed to compare capillary morphology, 
distribution, and density in psoriasis and sebor-
rheic dermatitis of the scalp. Scalp psoriasis pre-
sented a homogeneous pattern with  bushy  
capillaries, while scalp seborrheic dermatitis pre-
sented a multiform pattern, with mildly tortuous 
capillaries and only isolated  bushy  or mild dilated 
capillaries [ 36 ], with a conserved local micro-
angio-architecture similar to healthy scalp skin. 
Capillary loop density was similar in both condi-
tions and in normal scalp skin.

39.12         Hair Shaft Disorders 

 Hair shaft abnormalities may represent signifi -
cant diagnostic fi ndings in a number of autoso-
mal and X-linked syndromes. VD allows an in 
vivo magnifi ed observation of hair shafts with-
out the need of pulling hair for diagnostic pur-
poses of examination [ 38 ]. In the diagnosis of 
some hair shaft disorders (Table  39.3 ), VD gives 
comparable results to a microscopic examina-
tion, with the advantages of being noninvasive 
and quick to perform [ 38 ].
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40.1            Introduction 

 Some chronic skin disorders are responsible for 
concurrent nail changes. Typical examples are 
represented by psoriasis, lichen planus, and alo-
pecia areata. The lifetime incidence of nail altera-
tions in these patients potentially reaches 80 % or 
over. However, the nail involvement remains fre-
quently overlooked by physicians, despite the 
burden to the patients caused by functional 
impairment of manual dexterity, pain, and psy-
chological stress [ 1 ]. 

 The nail plate is hard but fl exible. It grows 
continuously and is frequently subject to a num-
ber of microtraumatisms. A healthy nail plate 
grossly looks smooth, but closer examination 
reveals it is not the case. Its specifi c surface 
microrelief has physiologic and sometimes 
pathologic implications. At close inspection, the 
regular relief is fi ne and only visible in children. 
In middle-aged individuals, the physiologic 
changes often remain too discrete to be readily 
discernable. By contrast, it is noticeable with the 
naked eye in a number of elderly people. 

 Several distinctive patterns of nail surface 
changes are clearly identifi ed and distinguished 
by clinical inspection. However, the structure of 
the nail surface has attracted little attention from 
researchers. Descriptive reports are rarely sup-
ported by quantifi cation of the nail plate micro-
relief [ 2 ,  3 ]. Nail alterations result from any 
underlying chronic dermatoses and/or from 
external trauma and weathering. To analyze the 
nail relief, it is important to have at one’s dis-
posal reliable clinical or instrumental methods 
identifying minimal alterations and providing 
qualitative and quantitative data.  

40.2     Clinical Descriptive 
Approach 

 Several typical nail changes are distinguished. 
Their combination is used to derive a nail sever-
ity index such as in psoriasis [ 2 ]. In this condi-
tion, affected nail plates are often thick and 
crumble. Because the lesions are obviously visi-
ble, patients are concerned about the appearance 
of their nails, often causing them to avoid normal 
daily activities including work. In the longer 
term, nail involvement is possibly a signal of a 
more severe form of the disease [ 4 ,  5 ]. 

 The nail psoriasis severity index (NAPSI) was 
developed as an objective and reproducible tool 
for estimating nail involvement [ 2 ]. NAPSI was 
claimed to be reproducible and easy to handle. 
Indeed, it represents an improvement in rating 
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treatment effi cacy in nail psoriasis. For this pur-
pose, each nail is divided into four quadrants to 
be assessed for the presence of any psoriatic 
change originating from both the nail matrix 
 (pitting, leukonychia, nail plate crumbling) and 
the nail bed (oil drop discoloration, onycholysis, 
hyperkeratosis, splinter hemorrhages). If any 
sign is present in all four quadrants, the nail is 
given a score of 4 through to a score of 0 in 
absence of alteration in any quadrant. Each nail is 
assigned both a nail matrix and a nail bed score of 
0–4, which are combined to yield a total score of 
0–8 for each nail. All nails are assessed with the 
total NAPSI score corresponding to the sum of 
the scores, reaching up to 80 if only the 10 fi nger 
nails are considered or up to 160 if toe nails are 
included. In practice, it is possible to target one 
single specifi c nail for assessing drug effects. 

 In medical practice, some drugs potentially 
alter the nail plates. For instance, retinoids com-
monly produce thinning and brittleness of the 
nail. Transverse ridging, white banding, as well 
as deep Beau’s lines occasionally develop. 
Cancer chemotherapy also affects the nails. 
Multiple transverse white bands develop follow-
ing cyclic chemotherapy. High-dose chemother-
apy is responsible for Beau’s lines sometimes 
followed by nail loss. Half-and-half nails, where 
the proximal part of the nail is whitish while the 
distal part is brownish, are not uncommon com-
plication of cancer chemotherapy. 

 The typical appearance of onychomycosis 
presents as subungual hyperkeratosis with thick-
ening and brownish discoloration of the nail 
plate. The nail plate becomes porous and crumble 
and it easily breaks off. In some patients, it is dif-
fi cult to distinguish psoriatic onychodystrophy 
from fungal nail infection, but the recognition of 
the characteristic psoriatic onycholysis with a 
red-yellow halo and the so-called oil drops is 
helpful. 

 The twenty-nail dystrophy is a rather trouble-
some disease altering all or almost all the fi nger- 
and toe nails in children and adolescents. It 
combines excessive ridging of the nail plate, 
rough nails, and trachyonychia.  

40.3     Patterns of Nail Topography 

40.3.1     Longitudinal Striations 

 Longitudinal striations of the nail surface com-
bine parallel grooves pulled apart by discrete pro-
jecting ridges. Such a condition is considered to 
be a physiologic feature when presenting as shal-
low grooves, usually parallel, and edged by low 
projecting ridges. Ridging commonly appears 
more prominent with aging and in association 
with some particular disorders. 

 Onychorrhexis consists of a series of narrow, 
longitudinal, parallel superfi cial striations. The 
nail appears as having been scratched by an awl. In 
some instances, dust material is ingrained into the 
superfi cial nail plate. The small linear projections 
extend from the proximal nail fold to the distal nail 
edge. Splitting of the free edge of the nail com-
monly ensues. In other instances, the nail ridging 
stops short or is interrupted at regular intervals, 
giving rise to a beaded appearance. In some 
patients a single wide longitudinal median ridge 
appears in cross section as a circumfl ex accent. 

 Median nail dystrophy is another uncommon 
condition of the thumb nails consisting of a lon-
gitudinal groove developed in the midline or just 
off center, starting at the cuticle and growing out 
of the free edge. 

 Any tumor located nearby the nail matrix 
exerts pressure and produces a single wide and 
deep longitudinal groove. This aspect vanishes 
when the tumor is removed.  

40.3.2     Herringbone Nail 

 Oblique nail ridging, pointing centrally to meet 
in the midline, is an uncommon pattern particu-
larly occurring during childhood.  

40.3.3     Beau’s Lines 

 Beau’s lines correspond to transverse grooves 
extending between the lateral edges of the nail. 
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They commonly affect all nails at similar levels. 
The width of the transverse groove is thought to 
be related to the duration of the causal process 
downgrading the nail matrix activity for a limited 
period of time. Any abrupt distal limit of the 
groove suggests a sudden outbreak of disease. By 
contrast, a sloping aspect suggests a progressive 
onset. The proximal limit of the depression is 
similarly abrupt or sloped according to the rate of 
normalization of the nail biology.  

40.3.4     Pitting and Rippling 

 Rosenau’s depressions refer to nail pitting and 
rippling. Pits develop as a result of defective nail 
formation in punctuate areas focused in the prox-
imal portion of the nail matrix. The nail plate sur-
face is studded in a buckshot pattern with 
punctuate hollow depressions varying in number, 
size, depth, and shape. An arbitrary fi gure of fi ve 
pits is considered as a physiologic condition. The 
depth and width of the pits relate to the extent of 
the matrix involvement. Their length is deter-
mined by the duration of the nail damage. Deep 
and irregularly shaped pits often suggest psoria-
sis, but they are not specifi c for any disease 
including alopecia areata and other conditions. 

 Pits are randomly dispersed or evenly patterned 
in series along one or several longitudinal lines. They 
are sometimes aligned in a crisscross pattern resem-
bling the external surface of a thimble. Regular pit-
ting commonly leads to rippling or ridging.  

40.3.5     Trachyonychia 

 Trachyonychia refers to a spectrum of alterations 
resulting in severe nail roughness as if the surface 
had been rubbed with sandpaper.  

40.3.6     Nail Underface Ridging 

 The underface of the nail plate disclosed after 
avulsion exhibits topographic aspects unrelated 

to the outer surface of the same nail. Deep longi-
tudinal striations are present and they commonly 
deepen with age.   

40.4     Bioinstrumentation 

 The various metrology designs for the nail plate 
encompass routine methods as well as more 
sophisticated and experimental procedures. The 
examination of nail clippings is occasionally 
informative. The distinctive features of the 
nail microrelief are explored using various in 
vivo procedures. Clinical examination allows 
qualitative assessment of the gross surface topog-
raphy. Low-magnifi cation photographs under 
carefully controlled and repeatable conditions are 
 conveniently used to document the nail surface 
microrelief. Transillumination helps disclosing 
some of the onychodystrophies. The method is 
rapid, simple, and cheap. The examination is per-
formed in a dark environment. Digit transillumi-
nation is possible by shining a strong penlight 
beam upward through the pulp or alternatively 
by using the fi ber optic from a high-power light 
device. 

 Controlled abrasion, microindentation, and 
sclerometry are used to investigate some physical 
properties of the nail surface. In particular, simu-
lation of the worn nail by abrasion allows to 
assess the wear process, which is the prime target 
of cosmetic application of nail hardeners and nail 
varnishes. Sclerometry simulates by scrapping 
the effects of wear and tear on the nail surface. 
Such insults deteriorate the morphologic, 
mechanical, and optical properties and, thereby, 
the loss of the main properties of the nail. 

 The examination of the nail surface roughness 
can be performed following several noninvasive 
methods. High-resolution digital photography 
reveals some specifi c nail surface physical prop-
erties. The use of light fi lters selecting only a nar-
row wavelength spectrum contributes to the 
optical properties of the nail surface. Using 
polarized light reduces the glossy refl ectance 
from the surface, thus improving visualization of 
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fi ne nail dystrophies. Video microscopy is 
another noncontact method, helpful in revealing 
quantitative changes in the nail microrelief. 
Fringe projection is another method disclosing 
three-dimensional (3-D) nail surface contours. 

 The 3-D microscopy represents an advance in 
the analysis of the nail surface topography. 
Initially, the method aimed at controlling the 
quality of manufactured surfaces by assessing 
their roughness in a given direction. The param-
eters were standardized internationally. However, 
this method was limited to a two-dimensional 
(2-D) analysis of the surface structure with a sig-
nal representing roughness on a line of relief but 
with absence of a fi eld image. This method was 
greatly improved by producing a record of a 3-D 
image of the surface. This achievement provides 
reconstructed 3-D images from an atomic scale 
(atomic force microscope) to macroscopic relief. 

 Scanning microdensitometry discriminates 
shadows and highlights photographic negatives 
of the nail surface taken under controlled proce-
dures (light intensity, exposure time, angle of 
camera recording, and distance to the surface). 

 A technical advance was achieved with the 
introduction of negative replicas. Precise quanti-
tative examinations are conveniently made in 
vivo on the outer portion of the nail. Alternatively, 
observations are performed after its avulsion or 
after making a negative replica. Scanning elec-
tron microscopy provides images of an unsur-
passed morphologic accuracy. The examination 
of silicone replicas of the nail microrelief is an 
optional procedure. The microrelief of the nail 
replicas can be scrutinized using one of several 
methods including mechanical profi lometry, 
autofocus laser beam profi lometry, oblique illu-
mination of the replicas, and optical measure-
ment of the translucent replica thickness. The 
choice of the replica material is of importance. It 
has to polymerize quickly at the nail temperature, 
be adequately liquid to fi ll in all the erratic sur-
face aspects, avoid deformation during polymer-
ization, and avoid any artifact. The replica relief 
is scrutinized using a scanning tactile or optical 
analyzer. 

 The stringent use of optical profi lometry or any 
other microtopographic assessment on nails or their 
replicas brings quantitative information [ 6 ]. The 
diversity of the typical alterations is clearly evi-
denced [ 7 – 10 ]. In addition, due to the sustained nail 
growth, onychochronobiology is explored using the 
same means at different time intervals [ 11 ,  12 ]. In 
addition, these methods are suitable for assessing 
the nail mechanical properties in combination with 
the microindentation and the sclerometry methods. 

40.4.1     Static Microtopography 
of the Nail Surface 

 Quantitative assessment of the nail microto-
pography is usually performed on longitudinal 
scans  [ 13 ]. Transverse scans are more diffi cult to 
interpret due to the natural nail curvature. When 
information has to be gained in this direction, it is 
recommended to examine sections no longer than 
5 mm in length to minimize this pitfall. It should 
be kept in mind that native alterations such as 
shallow grooves and Beau’s lines are better 
revealed at the proximal part of the nail (Fig.  40.1 ). 
Weathering and natural microabrasions add their 
effects in a cumulative way when moving toward 
the distal part of the nail (Figs.  40.2  and  40.3 ). 
Sources of variability such as uncontrolled nail 
plate wear should be discarded when appropriate. 
Controlled positioning of the nail is of the upmost 
importance for comparative purposes.

40.4.2          Dynamic Microtopography 
of the Nail Surface 

 Repeat controlled assessments overtime provide 
insight in onychochronobiology. By this way, the 
effects of therapies can be assessed. The speed of 
nail growth is conveniently recorded following the 
move of an engraved mark made at the initial 
examination. The linear nail growth is indeed mea-
sured following a shallow scratch in the proximal 
nail with a piece of hacksaw blade [ 14 ]. The nail 
mark is made at a defi ned distance (approximately 
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3 mm) from the proximal nail fold [ 15 ]. The sub-
jects should refrain from  pushing back their nail 
cuticles during the study period. After a period of 
approximately 1 month, the scratch has moved 
with the nail growth, and its distance to the proxi-
mal nail fold has increased. The average outgrowth 
is divided by the elapsed time to determine the rate 
of linear nail growth. Thus, a weekly or a daily nail 
growth is conveniently calculated. Measurement is 
made using a magnifi er equipped with a linear 
scale reaching 0.1 mm in accuracy. Alternatively, a 
screw set two-pointed caliper marked the distance 
from the groove to the proximal nail skinfold. The 
distance between the points of the caliper is 

 measured to the nearest 0.1 mm with a microme-
ter. Circadian variations in body temperature have 
been reported to infl uence the linear nail growth 
rate with a split-image range fi nder adapted to a 
trinocular microscope [ 14 ]. With such instrumen-
tation, nail growth measurements were claimed to 
be possible over short intervals. 

 Nail growth was assessed after indenting the 
nail surface and measuring the volumetric change 
of the grooves as they reached the free edge [ 16 ]. 
Erosion was responsible for a 30–50 % reduction 
in volume [ 17 ]. 

 Such methods allow to evaluate the rate of 
improvement or degradation of the nail condition. 

a

b

  Fig. 40.1    Nail surface 
topography on longitudinal 
scans showing transverse 
grooves during cancer 
chemotherapy. ( a ) Two-
dimensional fi eld image of a 
nail surface recording. 
( b ) Profi lometric 
presentation       
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A relevant biological interval should be respected 
between successive measurements. In this con-
sideration the speed of nail growth must be taken 
into consideration. Indeed, there is likely interde-
pendence between the disclosed microtopo-
graphic changes and variations in the nail growth 
rate. An example is given by the Beau’s lines and 
beaded nail [ 7 ]. Seasonal variations in the nail 
surface microtopography were reported to vary 
from insignifi cant to quite obvious [ 12 ].  

40.4.3     Nail Microindentation 

 Experimental microindentation allows to assess 
some mechanical properties of the nail plate fol-
lowing a load application under controlled condi-
tions on a small nail surface. The nail indentation 
is possibly measured during the test procedure. If 
any residual plastic deformation persists after 
releasing the indentation force, the imprint into 
the nail can be measured using profi lometry.  

a

b

  Fig. 40.2    Nail surface 
weathering on the proximal 
part of a nail in the 
twenty-nail dystrophy. 
( a ) Two-dimensional fi eld 
image of a nail surface 
recording. ( b ) Profi lometric 
presentation       
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40.4.4     Nail Sclerometry 

 Sclerometry deals with the dynamic assessment 
of the response of an object during microabrasion. 
In addition to the classic abrasion parameters, 
profi lometry reveals any groove traced into the 
nail. The effect of nail hardening products and 
nail protectors can be tentatively assessed by that 
way. Similarly, nail softening by xenobiotics or 
altered health condition can be quantifi ed.   

    Conclusion 

 Objective assessments of the nail surface topog-
raphy were seldom addressed in the  literature. 
However, the nail microrelief is variably infl u-
enced by various physiologic parameters, 
weathering, external trauma, and pathologic 
features altering the nail matrix. Some microto-
pographic alterations are linked to changes in 
the nail growth rate and in the nail hardness. 
Presumably some methods developed for the 

a

b

  Fig. 40.3    Nail surface 
weathering on the distal part 
of a nail in the twenty-nail 
dystrophy. ( a ) Two-
dimensional fi eld image of a 
nail surface recording. 
( b ) Profi lometric 
presentation       
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skin surface microtopography can be applied to 
the nail apparatus. These methods should high-
light the features of onychochronobiology, thus 
providing unique information about the physio-
pathologic processes having altered the nail 
over the past weeks and months.     
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     Abbreviations 

   [ 18 F] FDG    [ 18 F]-fl udeoxyglucose   
  [ 18 F]FHBG    [ 18 F]-fl uoro-hydroxymethyl butyl 

guanine   
  CBR    Click beetle red-emitting luciferase   
  CCD    Charge-coupled device   
  CLIO    Cross-linked iron oxide   
  DTIC    Dacabazine   
  FL    Firefl y luciferase   
  GFP    Green fl uorescent protein   
  hFTH    Heavy-chain ferritin   
  HSV1-tk    Herpes simplex virus type 1 

 thymidine kinase   
  MION    Monocrystalline iron oxide   
  MR    Magnetic resonance   
  OCT    Optical coherent tomography   
  PET    Positron emission tomography   
  QDs    Quantum dots   
  RFP    Red fl uorescent protein   
  SPECT    Single photon emission computed 

tomography   
  SPIO    Superparamagnetic iron oxide   
  SUV    Standard uptake value   
  TMZ    Temozolomide   
  USPIO    Ultra superparamagnetic iron oxide   

41.1           Introduction 

 In vivo molecular imaging has distinct 
 advantages compared to conventional in vitro 
and cell culture research. Although in vitro and 
cell culture studies may be the best way to defi ne 
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 biochemical or gene expression pathology, these 
studies cannot provide a dynamic visualization 
of the functions of particular genes or proteins 
within the whole-body complex. Molecular 
imaging offers distinct advantages in this regard. 
In addition, experimental animals do not need to 
be killed during imaging, which makes it possi-
ble to repeat the imaging in the same animal at a 
later time. Molecular imaging is also a useful 
tool for early drug discovery studies because it 
permits early validation and evaluation of 
compounds. 

 Molecular imaging can be categorized into 
three basic modalities: optical molecular imag-
ing, radionuclear molecular imaging, and mag-
netic resonance (MR) molecular imaging. The 
various imaging instruments and technologies 
differ in several respects, including the depth of 
penetration, spatial and temporal resolution, 
energy expansion for image generation, and the 
detection threshold of the probe. Table  41.1  out-
lines the general characteristics of the three imag-
ing modalities.

   Optical molecular imaging consists of fl uores-
cent and bioluminescent imaging, and it plays an 
important role in the molecular imaging fi eld. In 
fl uorescent imaging, the illuminator light excites 
fl uorescent receptors in a living subject, and a 
CCD camera detects the emission light. Green 
fl uorescent protein (GFP) and red fl uorescent 
protein (RFP) are the most commonly used fl uo-
rescent receptors. In bioluminescent imaging, the 

receptor gene codes for luciferase, which is 
derived from fi refl ies. After injection of the sub-
strate luciferin, the cells or animals containing 
the luciferase gene are imaged with a CCD detec-
tor. Optical molecular imaging is one of the most 
powerful tools to detect cellular level events at a 
high spatial and temporal resolution using in vivo 
multiphoton microscopes or optical coherent 
tomography (OCT). However, the penetration 
depth is very limited (500 μm ~3 mm). To over-
come this disadvantage, an endoscopic system of 
multiphoton microscopes and OCT is required, 
and these systems could be available for every 
organ of the body within the near future. 

 Radionuclear molecular imaging has its roots 
in radionuclear medicine. β-ray-emitting isotopes 
(e.g.,  3 H,  13 C) are not useful for molecular imag-
ing because β-particles do not travel signifi cant 
distances. γ-emitter isotopes (e.g., 99m Tc,  111 In, 
 123 I,  131 I) could be used for molecular imaging, 
but they require special signal detectors, such as 
a gamma camera and single photon emission 
computed tomography (SPECT). Positron emis-
sion tomography (PET) records high-energy 
γ-rays that are emitted.  15 O,  13 N,  11 C, and  18 F are 
frequently used as positron emission isotopes. 
Most of these isotopes are produced in a cyclo-
tron, but some can be produced with a generator. 
A labeled molecular probe or tracer can be intro-
duced into the subject, and then PET imaging can 
determine the distribution and concentration of 
the injected molecule. However, the spatial 

   Table 41.1    Comparison of the three molecular imaging modalities   

 Instrument 
 Spatial 
resolution  Depth  Advantage  Disadvantage 

 Optical molecular 
imaging 

 CCD  2–5 mm  1 cm ↓  High sensitivity 
 Low cost 

 Low resolution in 
CCD 
 But, high resolution 
in multiphoton and 
OCT 

 Multiphoton 
microscope 

 μm unit  500 μm 

 Optical coherent 
tomography (OCT) 

 Several cm 

 Radionuclear 
molecular imaging 

 SPECT  1–2 mm  No limit  High sensitivity  Radiologic hazard 
 PET  Most advanced 

technology in the 
molecular 
imaging fi eld 

 Relatively low 
resolution 

 MR molecular 
imaging 

 MRI  25–100 μm  No limit  Relatively high 
spatial resolution 

 Relatively low 
sensitivity 

  *    CCD  charge-coupled device  
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 resolution power of PET is very limited (2 mm 3 ). 
Radionuclear molecular imaging can be divided 
into direct and indirect methods. Direct methods 
use molecular probes, in which synthesis is tar-
geted at a specifi c molecular marker such as a 
receptor, enzyme, or gene. Indirect methods use a 
pre-targeted molecule that is subsequently acti-
vated when specifi c molecular events occur. 
Receptor gene imaging is one of the indirect 
methods, and it provides a convenient tool to 
monitor gene expression. Herpes simplex virus 
type 1 thymidine kinase (HSV1-tk) is the most 
commonly used receptor gene in the indirect 
method of radionuclear molecular imaging. 

 MR imaging works by detecting differential 
contrast in soft tissue resulting from endogenous 
differences in water content, relaxation time, and 
diffusion characteristics of the tissue. To increase 
the intrinsic contrast generated in an MR image, 
superparamagnetic complexes (e.g., monocrys-
talline iron oxide (MION), superparamagnetic 
iron oxide (SPIO), ultra superparamagnetic iron 
oxide (USPIO), cross-linked iron oxide (CLIO)) 
are used to develop new contrast agents that can 
target specifi c molecular markers. Recently, fer-
ritin has been developed as a new MR reporter 
gene. 

 A major challenge for molecular imaging is to 
provide the means for noninvasive detection of 
reporter gene expression in live animals at a high 
spatial and temporal resolution. Reporter genes, 
which lead to the generation of easily detectable 
markers, provide an indispensable tool for the 
analysis of biological function.  

41.2     Optical Molecular Imaging 

41.2.1     Optical Molecular Imaging 
Using Quantum Dots 

 Colloidal semiconductor quantum dots (QDs) are 
nanometer-sized crystals with unique photo-
chemical and photophysical properties. The emis-
sion spectra of QDs are narrow, symmetrical, and 
adjustable according to their size and material 
composition, which allows closer spacing of dif-
ferent probes without substantial spectral overlap. 

QDs also exhibit excellent photostability and 
broad absorption spectra, making it possible to 
excite QDs of all colors at the same time with a 
single excitation light source [ 1 ]. 

 Fluorescent QDs are powerful multipurpose 
interfaces of nanotechnology that provide long- 
term, multicolor imaging of cellular and molecu-
lar interactions. 

41.2.1.1     QD Imaging in a Wound-
Healing Model [ 2 ] 

 Cultured human keratinocytes were labeled with 
QD 655 (Quantum Dot Corporation, Hayward, 
CA, USA), which emits a green fl uorescence. 
Cultured human fi broblasts were labeled with 
QD 565 (Fig.  41.1 ).

   A mixture of dual-labeled keratinocytes and 
fi broblasts was inoculated into artifi cial wound 
sites of BALB/C nude mice. Multispectral emis-
sion images were taken with an in vivo optical 
imaging system that we created (Fig.  41.2 ). Dual 
labeling made it possible to distinguish between 
fi broblasts and keratinocytes in the same wound 
site (Fig.  41.3 ). The fl uorescent signals of the 
QD-labeled fi broblasts diminished after 10 days 
(Fig.  41.4 ).

41.2.1.2          QD Imaging in a Zebra 
Fish Model [ 3 ] 

 The use of QDs in living organisms is just begin-
ning to be explored, and zebra fi sh embryos may 
be a suitable vertebrate model for intravital imag-
ing with QDs. To investigate their potential in 
dermatology research, we used QDs as microan-
giography contrast agents to visualize the cardio-
vascular system in zebra fi sh. We also investigated 
the pathway relationship between the cardiovas-
cular system and the nerve network using QDs 
and a transgenic zebra fi sh line. 

 Quantum Dot QD605, which emits a green 
color under a fl uorescent microscope, was used 
as a microangiography contrast agent. The olig2- 
Dsred transgenic zebra fi sh line, which expresses 
motor neurons in a red color, was used together 
with the QDs. Images of the QD605-injected 
embryos were recorded with a digital camera. 

 By combining the green fl uorescence of 
QD605 and the red fl uorescence of olig2-Dsred 
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a b

  Fig. 41.2    The in vivo optical molecular imaging system 
that we created includes a xenon arc lamp (light source), 
multiple fi lter systems to detect specifi c excitation and 

emission spectra, and a cooled CCD detector. ( a ) Outer 
schematic diagram of the system and ( b ) inner schematic 
diagram of the system       

a

b

  Fig. 41.1    Dual optical imaging using QDs. ( a ) Cultured keratinocytes labeled with QD 655. ( b ) Cultured fi broblasts 
labeled with QD 565       
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  Fig. 41.3    The multiplexed image of QD-labeled fi bro-
blast (655 nm) and keratinocyte (565 nm) cell lines. ( a ) 
Wound image (full spectra), ( b ) spectral image of the QD 
signal (655 nm) for keratinocytes, ( c ) fl uorescence and 

QD signal (565 nm) for fi broblasts, and ( d ) intensity sig-
nal for keratinocyte ( green curve ) and fi broblast cell lines 
( red curve fi tting )       

1 day 2 days 3 days

5 day 7 days 10 days

  Fig. 41.4    Wound healing was monitored in the QD-labeled fi broblast for 10 days after inoculation using an in vivo 
optical molecular imaging system that we created       
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transgenic zebra fi sh, we obtained detailed 
images of the spatial relationship between the 
vascular and nervous systems of zebra fi sh 
(Fig.  41.5 ).

   Our results suggest that QDs could easily be 
used as bright microangiography contrast agents 
in living embryos. Our images of the zebra fi sh 
vascular and motor nervous systems showed a 
similar pattern of trajectory overall for the blood 
vessels and axon tracts. However, the segmented 
repetitive networks along the dorsoventral axis 
were not completely overlapped.   

41.2.2     Optical Molecular Imaging 
Using the Luciferase Gene [ 4 ] 

 Luciferase is an enzyme that reacts with lucif-
erin to produce yellow-green luminescence 
at 562 nm. The enzyme is frequently used as 
a reporter gene to measure activity of gene- 
regulatory sequences. The purpose of this study 
was to develop a model of tumor and wound 
healing using a luciferase system. The tumor 
models were generated by subcutaneous inocu-
lation of lenti-CMV- luciferase vector-trans-
duced melanoma cells into mice. We then 
evaluated the effi cacy and biodistribution of 
luciferase-transduced fi broblast cells, which 

were administrated into a wound site in the 
wound-healing mouse model. 

 We used an in vivo optical imaging system to 
observe the xenograft tumor models after intro-
duction of the melanoma cells; the melanoma 
cells expressed the luciferase gene (Fig.  41.7 ). 
We also introduced human fi broblasts to evaluate 
wound-healing effi cacy. All cells had stable 
expression of lenti-CMV luciferase due to clonal 
selection with puromycin (Fig.  41.6 ).

   Cultured murine melanoma B16 cells (5 × 10 5 ) 
in PBS were injected subcutaneously in 
C57BL/6 J mice. The fi broblast cell lines (5 × 10 5 ) 
were inoculated to the lesion directly. Some of 
the fi broblast cells lines were suspended in a 
Tissucol kit, and some were suspended in PBS. 

 Approximately 1 week after B16 cells injec-
tion, the mice developed a solid tumor of 5–8 mm 
diameter and were evaluated with optical imag-
ing. All animals received luciferin substrates by 
IP injection before imaging on days 1, 5, 7, 10, 
14, and 28 after inoculation (Fig.  41.7 ).

   We demonstrated that using luciferase- 
transduced B16 melanoma cell inoculation in a 
mouse model results in long-term stable expres-
sion of luciferase up until mouse death due to 
cachexia. We also detected a local metastasis 
region after administration of luciferin substrates 
by IP injection (Fig   .  41.8 ).

a

b

c

  Fig. 41.5    Combining the 
intravital image of quantum 
dot microangiography and the 
transgenic zebra fi sh line. 
( a ) Quantum dot 
 microangiography. Quantum 
Dot QD605, which emits a 
 green color , was used as a 
contrast agent. ( b ) Transgenic 
zebra fi sh line. The olig2-
Dsred transgenic zebra fi sh 
line expresses motor neurons 
and their axon tracts in a 
 reddish color . ( c ) By 
combining the green 
fl uorescence of QD605 and 
the red fl uorescence of 
olig2-Dsred transgenic zebra 
fi sh, the vascular network and 
the motor nervous system 
could be viewed together       
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   The lenti-CMV-fi refl y luciferase-transduced 
human fi broblast cells were inoculated into an arti-
fi cial wound site on the dorsal side of a Balb/C 

nude mouse. The wound-healing process was mon-
itored for 28 days (Fig.  41.9 ). The results suggest 
that luciferase-transduced fi broblasts can be used 

1D 5D 7D 10D 14D 28D

  Fig. 41.7    Fluorescent images of the melanoma mouse models for 28 days after the mice were inoculated with cultured 
melanoma cells that expressed the luciferase gene       

P/R/U mCMV Firefly luciferase IRES PURO' ΔU3
LTR

CCD array

Imaging lens

Bioluminescent
source

Photon scattering
means free path
–0.5 mm

Circle ROI creased
using the Region
of Insecest Tools

a

b c

  Fig. 41.6    ( a ) Structure of the lentiviral vector containing 
the luciferase gene. ( b ) Illustration of the photon transport 
of light from an internal source to the visible location on 
the surface of the animal. It is the surface image that is 

observed. ( c ) The circular region of interest ( ROI ) 
expressed luciferase fl uorescence after luciferin was 
administered by IP injection       
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for easy, rapid real-time bioluminescence imaging 
at low cost. Thus, the luciferase system has many 
potential applications in optical imaging.

41.2.3        Detection of Apoptosis 
Using an Engineered 
Luciferase Gene 

 The purpose of this study was to develop an ani-
mal model of apoptosis expression in order to 
evaluate the effi cacy of anticancer drugs for 
 treatment of malignant melanoma using optical 
molecular imaging. Since caspase-3/7 activation 
is the main feature of apoptosis, apoptosis can be 
monitored in real time with a caspase-monitoring 

system. We used the Protease-Glo™ system 
(Promega Corporation, Madison, Wisconsin, 
USA), which contains protease activities using a 
genetically engineered fi refl y ( Photinus pyralis ) 
luciferase (GloSensor™-10F). The GloSensor™-
10F luciferase vector consists of two domains, 
N-terminus and C-terminus, and these domains 
must be oriented in the correct direction. We 
made engineered luciferase, which contained a 
caspase-3/7 cleavage target sequence (DEVED) 
between reverse-oriented domains. This engi-
neered luciferase was not active luciferase; 
rather, it acquired activity when two reverse- 
oriented domains were cleaved and then formed 
the exact 3-dimensional structure of luciferase. 
When  caspase-3/7 was activated and cleaved the 
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 caspase-3/7 cleavage target sequence, the 
domains formed functionally intact luciferase 
(Fig.  41.10 ).

   We introduced this engineered luciferase- 
encoded lentiviral vector into cultured melanoma 
B16 cells. When we induced apoptosis of  melanoma 
cells with anticancer drugs, the luminescence sig-
nal intensity also increased in vitro. We adminis-
tered various concentration of  temozolomide 
(TMZ) and BCNU in vitro, and luciferase activity 
increased in a dose-dependent manner as a result of 
the anticancer drug (Fig.  41.11 ).

   To investigate the possibility of an in vivo 
apoptosis-monitoring system, we subcutane-
ously inoculated mice with melanoma cells 
 containing the engineered luciferase-encoded 
lentiviral  vector. Two weeks after inoculation, 

a chemotherapeutic agent, TMZ or BCNU, was 
injected peritoneally. The TMZ- and BCNU-
treated groups showed a much greater increase in 
fl uorescence due to the induced apoptosis activ-
ity than the control group (Fig.  41.12 ).

41.2.4        Monitoring a Metastatic 
Melanoma Model and 
Traffi cking Neural Stem Cells 
in Optical Molecular Imaging 

 To monitor metastasis and stem cell targeting 
properties, we used click beetle red-emitting 
luciferase (CBR) and 800-nm-emitting QD [ 5 ]. 

 We monitored B16 melanoma metastasis with 
two different luciferase systems: fi refl y luciferase 

Covalent

234–544 4–233

Caspase–3, 7
activation

Open

a

b

Closed
N N

N

C C

C

N C
Open

pLENTI-CMV-Glosensor-DEVDG
CMV promoter

Glosensor fusion protein

CAS2 DEVDG recognition site

8573 bp

  Fig. 41.10    ( a ) Measurement 
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activity of engineered 
luciferase and ( b ) the vector 
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(FL) and click beetle red-emitting luciferase 
(CBR). CBR luciferase has greater potential for 
in vivo optical imaging applications than FL. 
   Because emission wavelength of CBR (800 nm) 
has a more longer wavelength and strong inten-
sity than FL (562 nm), emission light from CBR 
penetrates more deeper in living tissue. As shown 
in Fig.  41.15a , CBR luciferase and FL luciferase 
have a similar optical density in vitro and in SC 
injected cancer, but CBR luciferase signals more 
effi ciently penetrate the body after intravenous 
injection of CBR-labeled melanoma cells 
(Fig.  41.13b ).

   In a recent study, stem cells were moved 
toward a malignant tumor, and this targeting 
effi cacy is much higher than viral or DNA tar-
geting systems [ 6 ]. To track neural stem cell tar-
geting, we labeled neural stem cells derived 
from the embryonic brain of C57BL/6 mice with 
655-nm- and 800-nm-emitting QDs. B16 mela-
noma cells were inoculated subcutaneously in 
the dorsal area of nude mice. Two weeks after 
inoculation with the melanoma cells, QD-labeled 
neural stem cells were injected intravenously. 

Many QD-labeled neural stem cells were later 
located in the kidney and lungs, but other 
QD-labeled stem cells migrated to the site of 
melanoma inoculation.   

41.3     Radionuclear Molecular 
Imaging 

41.3.1     Thymidine Kinase-Based 
Radionuclear Molecular 
Imaging [ 7 ] 

 [ 18 F]-fl udeoxyglucose positron emission 
 tomography (FDG-PET) is widely applied for 
diagnostic assessment of malignancy, in tumor 
staging, and in therapy monitoring. Melanoma 
cells also show an increase in glucose transporter 
proteins. FDG uptake, which refl ects glucose 
metabolic rate, is increased in cancer cells. 
However, FDG accumulation is not specifi c to 
tumors and can be present as a result of various 
conditions, including infl ammation, infection, 
and other benign processes. 
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 A positron emission tomography (PET) 
reporter gene/reporter probe system has recently 
been developed to provide sensitive and quantita-
tive molecular imaging. Thymidine kinase, the 
most commonly used receptor gene, is a marker of 
active tumor proliferation, and it compares favor-
ably with the more commonly used marker, FDG. 

 The purpose of this study was to establish a 
small-animal model for radionuclear molecular 

imaging and to acquire basic data on the effi cacy 
of candidate anticancer drugs for treatment of 
melanoma using a small-animal PET imaging 
analysis with [ 18 F] FHBG for herpes simplex 
virus 1 thymidine kinase (HSV1-tk) gene 
expression. 

 To transduce the HSV1-tk gene in a melanoma 
cell line, a lentiviral vector containing HSV1-tk 
gene was generated (Fig.  41.14 ).
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   The B16 melanoma cell line was transduced 
with a recombinant lentiviral vector encoding the 
HSV1-tk gene. B16 melanoma cells containing 
the HSV1-tk gene were inoculated subcutane-
ously into the backside of C57BL/6 J mice. Three 
weeks after inoculation, PET images were 
acquired. At 1 h after intravenous injection of 
200 μCi [ 18 F] FHBG, whole-body images were 
obtained with a small-animal PET/CT (eXplore 
Vista®) scanner (Fig.  41.15 ).

   To evaluate the effi cacy of chemotherapeutics, 
we gave intraperitoneal injections of oregonin (a 
new candidate drug) and dacarbazine (DTIC) to 
tk gene-encoded melanoma xenograft mice. The 
mice injected with DTIC, oregonin, and both 
DTIC and oregonin showed reductions in tumor 
size compared with control mice. Control mice 
died after 25 days (Fig.  41.16 ).

   One potential drawback during the develop-
ment of new drugs is rising costs, which result 

from increasing preclinical evaluation expendi-
tures. Early identifi cation of drug failure could 
greatly reduce the development costs per drug. 

 In conclusion, our results suggest that PET 
imaging of a melanoma mouse model expressing 
the HSV1-tk gene could be used as a rapid, semi-
quantitative, repetitive, noninvasive imaging tool 
to assess the effi cacy of new anticancer candi-
dates (oregonin) in the preclinical stage.  

41.3.2     Measuring Tumor Volume 
Using Calipers, Stereo Image- 
Based Three-Dimensional 
Measurement, Micro-CT, 
and [ 18 F]FDG-PET Images in a 
Xenograft Melanoma Model 

 In tumor xenograft animal studies, calipers are 
commonly used to measure external tumor size. 
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  Fig. 41.13    Optical molecular images of cancer traffi ck-
ing using luciferase and QDs. ( a ) Comparison of the 
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CBR in subcutaneous xenograft melanoma models and 

( b ) a metastatic melanoma model via IV injection. ( c ) 
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  Fig. 41.15    [ 18 F] FHBG PET 
image ( left , control view) and 
PET/CT fusion image ( right , 
coronal view) in a melanoma 
mouse model containing the 
HSV1-tk gene       

P SV 40

TK pA

CoIE1

U5
R

8753 bp

RRE

SD 908

SA 2071

cPPT

P EFIa

IRES

EcoRI 4699

Xba I 3556

puro

AdenoTK

pLentiEF1a 1.4-TK

hCMV E.

psi +

RU5
amp

Normal

1.5E–04

1.0E–04

5.0E–05

0.0E–00

–5.0E–05
HSV1-TK

a

b

  Fig. 41.14    Recombinant 
lentiviral vector map for 
transduction of HSV1-tk 
genes into a B16 melanoma 
cell line          

 

 

41 Combined Technology for Measuring Skin Diseases with Molecular Imaging



464

However, many tumors are not prolate spheroids, 
so measurement with calipers can be inaccurate. 
Tumor volume and shape may also differ accord-
ing to the size and type of tumor. 

 Xenograft tumors were generated by trans-
planting B16 melanoma cells into the backs of 
C57BL/6 J mice. We measured the volume of the 
xenograft tumor with calipers (Fig.  41.17a ), ste-
reo image-based three-dimensional measurement 
(Fig.  41.17b ) [ 8 ], measurement of the standard 
uptake value (SUV) of [ 18 F] FDG-PET, and 
micro-CT (Fig.  41.17c ). Stereo image-based 3-D 
measurement was a more reliable method than 
measurement with calipers. Internal changes in 
tumor mass and necrosis were easier to detect 
with micro-CT and [ 18 F] FDG-PET.

41.4         Magnetic Resonance (MR) 
Molecular Imaging 

41.4.1     Stem Cell Traffi cking in an 
Ischemic Brain Model Using 
Feridex® Labeling 

 Feridex® (ferumoxides) is a superparamagnetic 
iron oxide (SPIO) associated with dextran and 
approved by the US FDA as an MR contrast 
agent. Labeling cells with Feridex® enables mon-
itoring of the migration, biodistribution, and 
behavior of stem cells in vivo with MRI. We made 
an animal model of brain ischemia by ligation of 

the midcerebral artery in mice. Neural stem cells 
were characterized in vitro to assess the degree of 
Feridex labeling that these cells achieved while 
still being viable (Fig.  41.18 ). Feridex-labeled 
neural stem cells were injected into the ischemic 
area with a stereotactic device. The Feridex-
labeled neural stem cells appeared as hypointen-
sive areas in the ischemic brain area on the 
iron-sensitive T 2  and T 2  * -weighted MR image 
(4.7T MRI, Bruker®) up to 21 days after inocula-
tion (Fig.  41.19 ).

41.4.2         MR Molecular Imaging 
with the Ferritin Gene [ 9 ] 

 The classic reporter genes for MRI include 
β-galactosidase and the enzymes creatine and 
arginine kinase. However, recent studies have 
also supported the use of genes associated with 
iron homeostasis, including the transferrin recep-
tors, tyrosinase, and ferritin [ 9 – 12 ]. 

 Ferritin, an iron storage protein with ferroxi-
dase activity was developed as a novel endoge-
nous reporter for the detection of gene expression 
by magnetic resonance imaging (MRI). Elevated 
relaxation rates are detected by MRI when 
h- ferritin is expressed [ 13 ,  14 ]. 

 We constructed a lentiviral vector encoding a 
heavy-chain ferritin gene, abbreviated as pLenti 
EF-1α/hFTH IRES puro (Fig.  41.20a ). To gener-
ate stable cell lines that expressed heavy-chain 
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  Fig. 41.16    [ 18 F] FDG micro-PET images (sagittal view, 
threshold max  = 100 %, slice thickness = 0.2 mm) of subcu-
taneously transplanted mice under treatment with PBS, 
DTIC, oregonin, or DTIC + oregonin. Tumors ( arrows ) 
were induced by subcutaneous injection of 5 × 10 5  B16 

melanoma cells in 50 μL PBS buffer on the backside of 
Balb/c nude mice on day 0. Treatment began after 11 
days, and mice were treated with DTIC (50 mg/kg IP), 
oregonin (10 mg/kg IP), or DTIC (50 mg/kg IP) + orego-
nin (10 mg/kg IP)       
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ferritin (hFTH), B16 melanoma cells were trans-
duced with the lentivirus supernatants in the 
presence of polybrene. Transduced cells were 
selected with puromycin in media. The ferritin 
gene-expressed melanoma cells were then inocu-
lated in C57BL/6 J mice subcutaneously. Two 
weeks after inoculation, MR imaging of the 
ferritin- based tumor model was performed 
(Fig.  41.20b ).

   In the ferritin-based MR tumor model, orego-
nin, which is a new anticancer drug derived from 
plants, and DTIC were injected peritoneally. The 
oregonin group and the oregonin-plus-DTIC 
group had a greater reduction in tumor size than 
the control group (Fig.  41.21 ) [ 9 ].

41.4.3        MR Imaging in tet-Ferritin- 
Conditioned Double- 
Transgenic Mouse 

 A previous study reported the generation of 
 transgenic tet-ferritin-conditioned mice that 
express h-ferritin under tetracycline (Tet-on) 
 regulation [ 15 ]. 

 We also generated    TET-AcGFP-HA ferritin 
(tet-hfer)-conditioned transgenic mice at the 
Korea Research Institute of Bioscience and 
Biotechnology by inducing transgenic expres-
sion in the double-transgenic (dTG) offspring 
resulting from a crossing between AcGFP-mFTH 
and rtTA mice (Fig.  41.22 ). We confi rmed the 

Volume = L × W 2 × 0.52
(L:length, W:width)

a

c

b

CT PET

  Fig. 41.17    Tumor volume measured with ( a ) calipers, 
( b ) three-dimensional    reconstruction of the mouse mela-
noma with a stereo-imaging system, ( c ) micro-CT image 
( left ), and [ 18 F] FDG micro-PET image ( right , threshold-

 max  = 100 %, slice thickness = 0.2 mm). Tumor volume 
measured by [ 18 F] FDG micro-PET imaging using the 
standard uptake value (SUV). The  red circle  denotes the 
xenograft tumor       
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a Trypan blue staining

b Prussian blue staining

  Fig. 41.18    After Feridex labeling of stem cells, ( a ) trypan blue staining was used to assess cell viability, and ( b ) 
Prussian blue staining was used to assess labeling effi cacy       

  Fig. 41.19    The T 2 -weighted axial images at 4.7T MR in 
the ischemia brain animal models up to 21 days after inoc-
ulation. The ROI was used to measure the decrease in 

 signal intensity overtime at the injection site of the stem 
cells. The time course of signal decreases from days 1 to 
21 after injection       
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  Fig. 41.20    ( a ) Lentiviral vector map of the heavy-chain ferritin gene (pLenti EF-1α/hFTH IRES puro). ( b ) MR images 
of the melanoma model containing the ferritin gene         
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successful creation of tet-ferritin-conditioned 
mice with PCR (Fig.  41.22 ). Ferritin expression 
occurred when tetracycline was added to the 
drinking water (1.5 mg/ml and 5 % sucrose), and 
it was suppressed by tetracycline withdrawal 

(5 % sucrose). We imaged mice with 4.7 T 
(Bruker®) MRI. Tetracycline-regulated overex-
pression of ferritin appeared as an increased 
transverse relaxation rate (1/ T  2  =  R  2 ), especially 
in the liver (Fig.  41.23 ).
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  Fig. 41.21    Evaluation of 
anticancer drug effi cacy using 
MR imaging. ( a ) In vivo MR 
imaging of B16/pLenti 
EF-1α/hFTH IRES puro after 
treatment with DTIC and 
oregonin. ( b ) Survival rate of 
the mice with melanoma after 
anticancer treatment. ( c ) 
Changes in tumor size after 
anticancer treatment       

 

G.M. Park et al.



469

1M

M 8-6 8-7 8-8 18-1 2 3

2 3 4 5 6

4 5 6

7 8 9

7 8 9

10

10 11

p

GFP primer(334bp)

rtTA primer(474bp)

09.7.13

GFP primer(334bp)

rtTA primer(474bp)

18–4 * 18–5 mating

8–1 * B6 mating
D.O.B 09.08.14

D.O.B 09.8.518 * B6 mating 

09.8.19

c

PminCMV

in p TRE-Tight BI AcGFP1 vector

in pUHG17-1

BamH1a

b

Hind3

  Fig. 41.22    Schematic of the Tet-AcGFP-Ha ferritin vector ( a ) and the rtTA responsive vector ( b ), mFTH, rtTA double 
knockout mice confi rmed with PCR ( c )       

Sucrose

Wild type Transgenic mice

Sucrose

tetracycline

+

  Fig. 41.23    Comparison of the MR images for wild-type and tet-ferritin transgenic mice       

 

 

41 Combined Technology for Measuring Skin Diseases with Molecular Imaging



470

          Acknowledgment   This work was supported by the Seoul 
Research and Business Development Program (grant 
number 10574) and Basic Science Research Program 
through the National Research Foundation of Korea 
(NRF) funded by the Ministry of Education, Science, and 
Technology (grant number 2012R1A1A2006556).  

   References 

    1.    Chan WC, Nie S (1998) Quantum dot bioconjugates 
for ultrasensitive nonisotopic detection. Science 
281:2016–2018  

    2.    Ha SH, Lee OS, Lee GW, Kim JY, Park GM, Moon 
SH, Kim JH, Son SW, Kang KH, Son YS, Oh CH 
(2009) In vivo optical molecular imaging for skin 
 disease using QDs. Skin Res Technol 15:108  

    3.    Son SW, Kim JH, Kim SH, Kim H, Chung AY, Choo 
JB, Oh CH, Park HC (2009) Intravital imaging in 
zebra fi sh using quantum dots. Skin Res Technol 
15:157–160  

    4.    Park GM, Kim JH, Ha SH, Lee OS, Lee GW, Kim JY, 
Moon SH, Son SW, Kang KH, Oh CH (2009) 
Noninvasive image of fi refl y luciferase gene expres-
sion in different animal cancer model. Skin Res 
Technol 15:109  

    5.    Miloud T, Henrich C, Hämmerling GJ (2007) 
Quantitative comparison of click beetle and fi refl y 
luciferases for in vivo bioluminescence imaging. 
J Biomed Opt 12(5):054048  

    6.    Tabatabai G, Wick W, Weller M (2011) Stem cell- 
mediated gene therapies for malignant gliomas: a 
promising targeted therapeutic approach? Discov 
Med 11(61):529–536  

    7.    Kim JY, Ha SH, Lee GW, Lee OS, Park GM, Moon 
SH, Kim JH, Kim SE, Kang GW, Kang KH, Oh CH 
(2009) In vivo molecular imaging of skin cancer with 

thymidine kinase-transfected cell in mice using 
nuclear medicine imaging system. Skin Res Technol 
15:98  

    8.    Lee OS, Lee GW, Oh JS, Kim MG, Oh CH (2010) An 
optimized in vivo multiple-baseline stereo imaging 
system for skin wrinkles. Opt Commun 283(23):
4840–4845  

      9.    Kim JH, Ha SH, Lee OS, Lee GW, Kim JY, Moon SH, 
Park GM, Son SW, Son YS, Moon WK, Oh CH 
(2009) In vivo and in vitro 4.7T MR imaging using 
Lenti EF-1a hFTH transfection in skin tumor model. 
Skin Res Technol 15:93  

   10.    Yu J, Liu L, Kodibagkar VD, Cui W, Mason RP 
(2006) Synthesis and evaluation of novel enhanced 
gene reporter molecules: detection of beta- 
galactosidase activity using 19F NMR of trifl uoro-
methylated aryl beta-D-galactopyranosides. Bioorg 
Med Chem 14(2):326–333  

   11.    Walter G, Barton ER, Sweeney HL (2000) Noninvasive 
measurement of gene expression in skeletal muscle. 
Proc Natl Acad Sci U S A 97(10):5151–5155  

    12.    Moore A, Josephson L, Bhorade RM, Basilion JP, 
Weissleder R (2001) Human transferrin receptor gene 
as a marker gene for MR imaging. Radiology 
221(1):244–250  

    13.    Weissleder R, Simonova M, Bogdanova A, Bredow S, 
Enochs WS, Bogdanov A Jr (1997) MR imaging and 
scintigraphy of gene expression through melanin 
induction. Radiology 204(2):425–429  

    14.    Cohen B, Dafni H, Meir G, Harmeliny A, Neeman M 
(2005) Ferritin as an endogenous MRI reporter for 
noninvasive imaging of gene expression in C6 glioma 
tumors. Neoplasia 7(2):109–117  

    15.    Cohen B, Ziv K, Plaks V, Israely T, Kalchenko V, 
Harmelin A, Benjamin LE, Neeman M (2007) MRI 
detection of transcriptional regulation of gene 
 expression in transgenic mice. Nat Med 13(4):
498–503    

G.M. Park et al.



471E. Berardesca et al. (eds.), Non Invasive Diagnostic Techniques in Clinical Dermatology, 
DOI 10.1007/978-3-642-32109-2, © Springer Berlin Heidelberg 2014

   A 
  Acquired hyperpigmentations , 74  
   Actinic keratosis , 35, 36, 67–68  
   Actinic porokeratosis , 15  
   Adhesive discs , 275  
   Adhesive tapes , 282  
   AquaFlux 

 apparent contradiction , 335  
 condenser-chamber , 336  
 diffusion-gradient measurement principle , 338–339  
 fi nite measurement range , 338  
 fl ux time-series curve , 336  
 humidity gradient calculation , 336  
 measurement chamber , 335, 336  
 measurement procedures , 337  
 measurement time , 340–341  
 mobility , 338  
 recorded data , 338  
 repeatability , 339–340  
 Tukey mean-difference method , 339  
 water vapour accumulation , 338  
 water vapour fl ux calculation , 336  

    B 
  Ballistometer , 331–332  
   Basal cell carcinoma (BCC) , 66–67  
   Blanching effect , 118  
   Blotting paper strip , 357  
   Bowen’s disease , 16  
   Brick-and-mortar model , 281  

    C 
  Capacitance imaging (CI) 

 functioning principle , 175  
 hydration 

 cold and heat exposure , 180  
 cosmetics effects , 178, 179  
 lips , 179  
 skin lesions , 179–180  
 skin photo-ageing , 179  
 surfactants , 180  
 sweating , 177, 178  

 hydration measurement , 176–177  
 image analysis software , 176  

 micro-relief 
 cosmetics , 180–181  
 deformation , 181–182  
 lips , 182  
 scars , 182, 183  
 skin ageing , 181  

   Capillaroscopy 
 applications , 126  
 controlled temperature setting , 126  
 follow-up 

 clinical localization , 127  
 descriptive localization , 127  
 image comparison , 128  
 150× microscope image , 128  
 schematic localization , 127  

 functional/dynamic observation parameters , 126  
 history , 125  
 400× lens , 126  
 morphological/static observation parameters , 126  
 multiple skin areas examination , 126  
 paranecrotic area reviewing , 126  
 videocapillaroscopy 

 in fl uorescence , 131–132  
 polarized light , 130–131  
 principles , 129  
 refractive index , 130  
 stereomicroscope , 129  
 white light , 130  

   CARS.    See  Coherent anti-Stokes Raman scattering 
(CARS) 

   CIM.    See  Colorimetric index of mildness (CIM) 
   Clear cell acanthoma , 12, 14  
   Coherent anti-Stokes Raman scattering (CARS) , 217  
   Coherent Raman scattering microscopy 

 advantages , 223  
 confocal microscope , 222–223  
 contrast , 224  
 DMSO , 226  
 experiment duration , 224–225  
 FTIR , 221  
 ibuprofen-d 3 crystallisation , 226  
 Jablonski energy diagram , 222, 223  
 ketoprofen , 223–224  
 kinetic information , 225  
 propylene glycol , 223–226  
 pump and Stokes beams , 223  

                   Index 
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   Colorimetric analysis , 292  
   Colorimetric index of mildness (CIM) , 259  
   Comedogenesis , 28  
   Comedometry , 252–253  
   Computed tomographic lymphography (CT-LG) , 

387–388  
   Confocal laser scanning microscopy in fl uorescence 

mode (FCLSM) 
 dermal structures, histology 

 cellular structures , 101, 102  
 dermis , 101  
 epidermis , 101  
 stratum corneum , 101  

 multiphoton microscopy , 108  
 optical principle , 101  
 skin barrier 

 corneal layers , 104, 105  
 TEWL measurements , 103  

 skin cancer , 108–110  
 stratum , 100  
 topically applied substance penetration 

 Bricks-and-mortar model , 105  
 hair follicles , 104  
 intact barrier , 106–107  
 kinetics , 106  
 plasma treatment fl uorescent dye , 107  
 zinc oxide (ZnO) , 107  

   Corneofi x ®  strips 
 biophysical measurements , 277, 279  
 desquamation index (DI) and skin hydration (a.u.) , 

278, 279  
 dimensions , 276  
 examples , 277–278  
 light transmission technique , 276  
 Pearson correlation coeffi cient , 278, 279  
 specifi c settings , 276  
 strip application , 276, 277  
 thickness , 276  
 Visiometer ®  SV600 , 276  
 Visioscan ®  VC98 camera , 276  
 visual scaling scores , 277, 278  

   Corneofungimetry , 251  
   Corneomelametry , 251–252  
   Corneometer , 348, 349  
   Corneosurfametry (CSM) , 258–259  
   Corneoxenometry (CXM) 

 bioassay entails collection , 258  
 CIM , 259  
 dose–response effect , 259–260  
 indication , 258  
 organic solvents , 260  

   Courage-Khazaka calibration fi lter pad , 350, 351  
   CSM.    See  Corneosurfametry (CSM) 
   CSSS.    See  Cyanoacrylate skin surface stripping (CSSS) 
   CT-LG.    See  Computed tomographic lymphography 

(CT-LG) 
   Cutaneous warts , 17–18  
   Cutometer ®  

 diseased skin study , 321–326  
 dual MPA 580 , 308  

 environmental factors , 318  
 healthy skin study , 321  
 measurement modes 

 constant negative pressure (–) , 310  
 fi rst constant and then linear decrease in negative 

pressure (–) , 312  
 linear increase and linear decrease in negative 

pressure (/) , 310–311  
 linear increase in negative pressure and then a 

sudden cessation of the negative pressure (/) , 
312, 313  

 measurement parameters , 309  
 measurement scheme , 317  
 measuring principle , 308, 309  
 mechanical parameters 

 F-parameters , 321  
 Q-parameters , 321  
 R-parameters , 318–321  
 skin distension , 318  
 skin elasticity , 318  
 skin viscoelasticity , 318  

 MPA 580 , 308  
 pressure (vacuum) , 317  
 probe aperture , 317  
 product effi cacy study , 326  
 relaxation phase , 309  
 SEM 575 , 307–308  
 skin mechanical parameters 

 repetitive strain-time curve , 315–317  
 single strain-time curve , 313–315  

 skin preconditioning , 317  
 strain–time mode , 309  
 stress–strain mode , 310  
 suction phase , 309  
 test site , 317  
 treatment effi cacy study , 326–327  
 Windows software , 308  

   CXM.    See  Corneoxenometry (CXM) 
   Cyanoacrylate skin surface stripping (CSSS) 

 analytic measurements 
 comedometry , 252–253  
 corneofungimetry , 251  
 corneomelametry , 251–252  
 stratum corneum dynamics , 252  
 xerosis grading , 251  

 in cutaneous neoplasms , 251  
 follicular biopsy , 248  
 in infl ammatory dermatoses , 250–251  
 normal skin , 248–250  

    D 
  DermaLab ®  , 344  
   Dermal matrix , 229  
   DermaTemp ®  infrared thermographic scanner , 373  
   Dermatitis , 73  
   Dermocosmetology , 120–122  
   Desquamation and scaliness 

 evaluation methods , 274  
 physiological desquamation process , 273  
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 squamometric measurements , 274  
 tape stripping   ( see  Tape stripping) 

   2-(dimethylamino)ethanol (DMAE) dose response , 
241–243  

   D-SQUAME ®  discs , 275, 276  
   Durometer test , 233, 234  

    E 
  Eccrine poroma , 15  
   Ectoparasitoses 

 cutaneous leishmaniasis , 17  
 demodicosis , 17  
 furuncular myiasis , 17  
 head and pubic lice , 16–17  
 scabies , 16, 17  
 tungiasis , 17  

    F 
  Fast optical in vivo topometry of human skin (FOITS) 

 age scale , 57, 58  
 analysis parameters 

 frequency distribution of depth (FDD) , 55  
 morphological structure , 54, 55  
 surface profi le histogram , 56, 57  
 test conditions , 57  
 zero level , 56  

 CCD camera , 54  
 gray-code method , 54  
 Rz function 

 exponential decay curve , 59  
 female , 58, 59  
 linear regression and mono-exponential fi t , 59, 60  
 population wrinkle , 59  

 technical side parameters, synopsis of , 53, 54  
   Feridex ®  labeling , 448, 450  
   Finn chamber , 358  
   Fluorescence lifetime imaging (FLIM) 

 advantages and disadvantages , 96–97  
 application fi elds 

 basal cell carcinoma (BCC) , 93–94  
 cell cultures , 90–91  
 healthy skin and skin ageing , 91–92  
 melanocytic nevi , 94, 95  
 melanoma (MM) , 94–96  

 DermaInspect ®  , 90  
 excitation wavelength , 88, 89  
 fl uorophores emittance , 89  
 healthy epidermis , 88  
 intensity artefacts , 89  
 melanoma layers , 90  

   Fluorescence microlymphangiography , 389  
   Free radicals and antioxidants 

 antioxidative status , 205–207  
 carotenoid concentration , 205–207  
 degradation, stress factors , 207  
 EPR spectroscopic measurements , 204, 205  
 refl ectance measurements , 201–203  
 resonance Raman spectroscopy 

 absorption spectra, β-carotene , 200, 201  
 carotenoids , 199, 200  
 excitation radiation , 200–202  
 handpiece , 200  
 measuring setup, scheme of , 200  

 skin aging , 208–209  
 topical and systemic application , 207–208  

    G 
  Genital warts , 18  
   German dermatologists standardized diagnostic patch 

testing , 358  
   Glomus tumor , 20  
   Gravimetric analysis , 291–292  

    H 
  Hair diseases , 74  
   Hair graying , 29  
   Hair growth measurement 

 density , 399  
 diameter , 399  
 phototrichogram , 399  
 TrichoScan ®  system   ( see  TrichoScan ®  system) 

   Hair tensile properties 
 cortex , 410–411  
 cuticle , 409–410  
 hair structure , 409, 410  
 load extension properties , 412–413  
 physical properties , 411  
 tensile testing , 413–415  
 water sorption and swelling , 411–412  

    I 
  ICDRG.    See  International Contact Dermatitis Research 

Group (ICDRG) 
   Infantile hemangioma , 20  
   Infrared (IR) densitometry 

 IR absorption correlation , 294–296  
 lower limit of quantifi cation (LLOQ) , 295  
 NMF , 299  
 SC determination methods , 293  
 SC thickness and depth estimation and calculations , 

295–297  
 serine protease activities 

 atopic dermatitis skin , 300, 302  
 biometric data , 299–302  
 chymotrypsin-like kallikreins , 300  
 depth profi ling , 300, 301  
 facial skin , 301  
 healthy forearm and facial skin , 299, 301  
 protease mass , 300, 302  
 protein content , 299, 300  
 trypsin-like kallikreins , 300  

 serine protease profi ling, atopic dermatitis , 302–304  
 skin penetration , 297–298  
 SquameScan 850A , 293–294  
 UV exposure , 299  
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   International Contact Dermatitis Research Group 
(ICDRG) , 359  

   International Rubber Hardness Degree (IRHD) , 
233, 234  

   Invasive squamous cell carcinoma , 16  
   In vivo refl ectance confocal microscopy (RCM) 

 benign epithelial lesions 
 lichen planus-like keratosis , 66  
 seborrheic keratosis , 66  
 solar lentigo , 66  

 epithelial tumors 
 actinic keratosis and squamous cell carcinoma , 

67–68  
 basal cell carcinoma , 66–67  

 handheld refl ectance , 79, 80  
 infl ammatory skin diseases 

 acquired hyperpigmentations , 74  
 dermatitis , 73  
 hair diseases , 74  
 limits of , 77  
 melasma/chloasma , 75–76  
 plaque psoriasis , 72, 73  
 spongiotic dermatitis , 73–74  
 Vitiligo lesions , 75  

 melanocytic lesions 
 common acquired nevi , 64–65  
 melanoma , 65–66  

 oral mucosa 
 leukoplakia , 82–83  
 lining mucosa , 80, 81  
 masticatory , 80–81  
 oral lichen planus (OLP) , 84  
 oral squamous cell carcinoma 

(OSCC) , 83–84  
 pemphigus vulgaris oralis (PVO) , 84–85  
 specialised , 81–82  
 white lesions , 82  

 schematic representation , 71, 72  
   IR densitometry.    See  Infrared (IR) densitometry 
   IRHD.    See  International Rubber Hardness Degree 

(IRHD) 
   Irritant dermatitis test 

 arm patch exposure 
 with identical products , 374, 376  
 normal-to sensitive-skin populations , 374, 

377–379  
 baseline skin surface temperature , 373–375, 

379, 381  
 behind-the-knee (BTK) exposure protocol , 373, 374, 

376, 379, 381  
 bikini area shaving study , 373, 374, 378–380  
 grader , 372–373  
 numerical scales , 372  
 patch application , 373  
 post-baseline average grade (PBA) , 373  
 skin grading , 373  
 subjects , 371–372  
 temperature determinations , 373  
 test materials , 372  

    J 
  JMP ®  statistical software , 236  

    K 
  Kaposi’s sarcoma , 16  
   Keratoacanthoma , 15  
   Kubelka-Munk theory , 187  

    L 
  Langer’s lines , 229  
   Laser radiation , 200  
   Leukoplakia , 82–83  
   Lichen planus , 19  
   Lichen planus-like keratosis , 66  
   Light-emitting diodes (LEDs) , 185  
   Lupus vulgaris , 18  
   Lymphatic vasculature 

 clinical signifi cance , 383–384  
 CT-LG , 387–388  
 imaging modalities , 392  
 indocyanine green (ICG)-based NIR imaging , 390, 

391  
 lymphoscintigraphy , 384–385  
 magnetic resonance imaging , 386–387  
 NIR fl uorescence lymphatic imaging , 390, 391  
 OCT , 391–392  
 optical fl uorescent imaging 

 basic principle , 388, 389  
 camera integration time , 388  
 Cy5, visible contrast agent , 389  
 fl uorescence microlymphangiography , 389  
 quantum dots , 389  
 spatial and temporal resolution , 388  

 positron emission tomography , 385–386  
 primary function , 383  
 ultrasound , 388  

   Lymphoscintigraphy , 384–385  

    M 
  Magnetic resonance (MR) imaging 

 molecular characterization 
 detectable protons , 171  
 magnetization transfer , 171  
 in vivo water mobility quantifi cation , 171–172  

 molecular imaging 
 ferritin gene , 437, 448–449, 451, 452  
 stem cell traffi cking , 448, 450  

 spatial resolution/fi eld of view 
 adipose tissue, 3D visualization of , 168, 170  
 2D MR images of , 168, 169  
 epidermis , 168  
 face , 168, 170  
 hypodermis, 3D visualization of , 168, 169  
 ptosis index , 168  
 ptosis index  vs.  age , 171  
 ultrasensitive RF detector , 168  
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   Mastocytosis , 14–15  
   Median raphe cysts , 15  
   Melanoma , 115–116  
   Microangiopathies , 116–118  
   Micro BCA protein assay kit , 294–295  
   Molecular imaging 

 advantages , 436  
 categories , 436  
 imaging modalities, characteristics , 436  
 magnetic resonance (MR)   ( see  Magnetic resonance 

(MR) imaging, molecular imaging) 
 optical molecular imaging   ( see  Optical molecular 

imaging) 
 radionuclear molecular imaging   ( see  Radionuclear 

molecular imaging) 
   Molluscum contagiosum , 17  
   Multiphoton laser microscopy (MPT) 

 advantages and disadvantages , 96–97  
 application fi elds 

 basal cell carcinoma (BCC) , 93–94  
 cell cultures , 90–91  
 healthy skin and skin ageing , 91–92  
 melanocytic nevi , 94, 95  
 melanoma (MM) , 94–96  

 excitation wavelength , 88, 89  
 fl uorescence lifetime imaging (FLIM) 

 DermaInspect ®  , 90  
 fl uorophores emittance , 89  
 intensity artefacts , 89  
 melanoma layers , 90  

 healthy epidermis , 88  

    N 
  Nail psoriasis severity index (NAPSI) , 427–428  
   Nail surface topography 

 Beau’s lines , 428–429  
 bioinstrumentation 

 3-D microscopy , 430  
 dynamic microtopography , 430–432  
 experimental microindentation , 432  
 gross surface topography , 429  
 high-resolution digital photography , 429  
 scanning microdensitometry , 430  
 sclerometry , 429, 433  
 static microtopography , 430–433  
 transillumination , 429  
 video microscopy , 430  

 clinical descriptive approach , 427–428  
 herringbone nail , 428  
 longitudinal striations , 428  
 nail underface ridging , 429  
 pitting and rippling , 429  
 trachyonychia , 429  

   NAPSI.    See  Nail psoriasis severity index (NAPSI) 
   Natural moisturising factor (NMF) , 247, 299  
   Near-infrared (NIR) fl uorescence lymphatic imaging , 

390, 391  
   NMF.    See  Natural moisturising factor (NMF) 

   Nodular-cystic basal cell carcinoma , 36  
   Nonpigmented facial actinic keratosis , 15–16  

    O 
  OCT.    See  Optical coherence tomography (OCT) 
   Onychomatricoma , 20  
   Onychomycosis , 20  
   Optical coherence tomography (OCT) , 391–392  

 healthy skin 
 fi ngertip , 34  
 forearm , 35  
 nail plates , 35  
 stratum corneum , 35  

 infl ammatory skin diseases , 36–37  
 scabies mites , 37  
 sensitivity of , 33  
 skin tumors 

 actinic keratosis , 35, 36  
 nodular-cystic basal cell carcinoma , 36  
 pigmented lesions , 36  
 superfi cial basal cell carcinoma , 36  

 time-domain , 33  
   Optical molecular imaging 

 fl uorescent and bioluminescent imaging , 436  
 luciferase gene 

 apoptosis detection , 442–445  
 cancer traffi cking , 444, 446  
 circular region of interest (ROI) , 440, 441  
 lentiviral vector structure , 440, 441  
 luminescent fl ux intensity , 440, 442  
 melanoma mouse models , 440, 441  
 photon transport , 440, 441  
 tumor models , 440  
 wound healing monitoring , 441, 442  

 penetration depth , 436  
 quantum dots (QD) imaging 

 cancer traffi cking , 444, 446  
 emission spectra , 437  
 wound-healing model , 437–439  
 zebra fi sh model , 437, 440  

   Oral lichen planus (OLP) , 84  
   Oral mucosa, in vivo refl ectance confocal microscopy 

(RCM) 
 leukoplakia , 82–83  
 lining mucosa , 80, 81  
 masticatory , 80–81  
 oral lichen planus (OLP) , 84  
 oral squamous cell carcinoma (OSCC) , 83–84  
 pemphigus vulgaris oralis (PVO) , 84–85  
 specialised , 81–82  
 white lesions , 82  

   Oral squamous cell carcinoma (OSCC) , 83–84  

    P 
  Patch tests , 116  
   Pemphigus vulgaris oralis (PVO) , 84–85  
   Penetration enhancer testing , 259  
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   Phototrichogram , 399  
   Pigmented purpuric dermatoses , 20  
   Pityriasis lichenoides et varioliformis acuta , 19  
   Plaque psoriasis , 72, 73  
   Port-wine stains , 20  
   PRIMOS system 

 active triangulation, fringe projection 
 binary patterns , 41  
 digital micromirror device (DMD TM ) , 41  
 distance resolution , 40  
 functional principle , 39, 40  
 GFM implement , 42  
 height map , 40–41  
 measuring system , 40  
 stripe patterns, sine-shaped intensity , 40  
 in vivo topometry , 41–42  

 biomedical face scanning , 51–52  
 cellulite and body wrinkles , 50  
 data analysis 

 advanced surface parameters , 48–49  
 fi ltering aspects , 49  
 ISO standard parameters , 47–48  
 roughness profi le parameters , 48  
 volume parameters , 49  

 four-sensor system , 51  
 handling aspects 

 data quality , 45, 47  
 sensible test arrangement , 44  
 skin roughness measurement , 47  
 video overlay function , 45  

 illumination 
 fringe projection, eye wrinkles , 42, 43  
 good  vs.  bad images , 42–44  
 hair artifacts , 43, 46, 47  
 high-pass fi ltered , 42, 44, 45  
 identifi cation of mimics , 43, 46  
 LEDs , 42  
 motion artifacts , 43, 45, 46  

 live camera image , 51  
 pico DLP projection , 50–51  
 smoothing claims and anti-wrinkle claims , 49–50  

   Pyogenic granuloma , 12, 15  

    R 
  Radionuclear molecular imaging 

 β-ray-emitting isotopes , 436  
 γ-emitter isotopes , 436  
 radionuclear medicine , 436  
 thymidine kinase-based radionuclear molecular 

imaging , 444–448  
 tumor volume measurement , 446, 448–450  

   Raman spectroscopy 
 advantages of , 214  
 Fourier transform (FT) , 213–215  
 melanin distribution , 217  
 molecular structure , 213  
 multichannel CCD detectors , 213–214  
 percutaneous absorption , 217–218  
 psoriatic scales , 217  

 skin hydration , 216  
 structure analysis , 215–216  
 water profi le of, stratum corneum , 214, 215  

   Reviscometer ®  (RVM 600) 
 calibration , 233–235  
 DMAE dose response , 241–243  
 hardware , 231–233  
 keratinocytes, morphological changes , 242–244  
 pulse frequency , 230  
 shear wave propagation time , 230  
 viscoelastic properties at different body sites , 240  
 viscoelastic properties at different stages 

 anisotropy ratio , 236–238  
 cutaneous structural feature and viscoelastic 

changes , 238, 239  
 mean value and standard deviation calculation , 

236  
 pinch test , 234  
 RRT profi les , 236  
 skin microrelief , 238–239  
 superfi cial layer assessment , 235  
 tissue density , 237  
 video-microscope image system , 236, 238–240  

 viscoelastic properties modulation , 240–241  
   Rosacea , 19  
   RVM 600.    See  Reviscometer ®  (RVM 600) 

    S 
  Sarcoidosis , 15  
   Scalp disorders.    See  Videodermatoscopy (VD) 
   Sebaceous gland activity regulation , 265–266  
   Sebaceous hyperplasia , 9, 12, 15  
   Seborrheic keratosis , 66  
   Sebum casual level (SCL) , 266–267  
   Sebumeter ®  , 269  
   Sebum excretion rate (SER) , 28–29, 266–267  
   Sebutape ®  , 269  
   Skin capacitance 

 capacitance hydration units , 348  
 external factors infl uence , 352–354  
 measuring probe , 348  
 in vitro measurements , 349–350  
 in vivo measurements , 350–352  

   Skin erythema and blanching.    See  Tissue viability 
imaging (TiVi) 

   Skin irritation and sensitization 
 early standardized visual assessment scales , 358  
 National Academy of Sciences (NAS) procedures , 

359, 360  
 patch tests , 357–359  
 revised standardized visual assessment scales , 359  
 test protocols , 360  
 visual scoring  vs.  bioengineering methods   ( see  Visual 

scoring  vs.  bioengineering methods) 
   Skin surface lipids (SSL) 

 epidermal lipids , 263–264  
 measurement 

 absorbent paper , 267  
 absorbent polymer fi lm , 268–269  
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 grounded plastic fi lm , 267–268  
 organic solvents , 267  
 scalp sebum , 269  

 sebaceous gland 
 age-related changes , 265  
 circadian variations , 266  
 endocrine regulation , 265  
 ethnic group , 265–266  
 gender , 265  
 SCL , 266  
 seasonal variations , 266  
 SER , 266–267  
 surface density , 267  

 sebaceous lipids , 264–265  
   Skin washing , 258  
   Solar lentigo , 66  
   Sonography 

 dermis and epidermis 
 lichen planus , 148  
 normal glabrous skin , 143–145  
 normal palmar skin , 143–144, 147  
 psoriasis vulgaris , 147–148  
 skin tumors , 148–149  

 echodensity of , 150–151  
 frequency range , 135, 136  
 Medline publications on , 133, 134  
 methods and patients 

 A-scans , 137  
 correlation with histology , 138  
 DUB50 Profi  , 137  
 Esaote MyLab60 ultrasound unit , 135  
 image processing and statistical evaluation , 

137–138  
 internal echoes , 137  
 long-focused transducer , 135, 136  
 normal glabrous skin , 137  
 normal palmar skin , 137  
 psoriasis vulgaris and lichen planus , 137  
 skin tumors , 137  
 subcutis , 137  

 20 MHz , 150  
 25 MHz , 133  
 100 MHz , 150  
 physical parameters , 134, 135  
 signal penetration depth , 134, 135  
 subcutis 

 acute cellulite , 138  
 atheroma , 138, 140  
 benign lymphadenopathy , 140–142  
 chronic lymphedema , 138, 141  
 lipoma , 138, 139  
 lymph node , 138–139  

 15  vs. 100 MHz , 134  
   Spongiotic dermatitis , 73–74  
   SquameScan 850A , 293–294  
   Squamous cell carcinoma (SCC) , 67–68  
   SRS microscopy , 217  
   SSL.    See  Skin surface lipids (SSL) 
   Stokes Raman scattering , 200  
   Stratum corneum dynamics , 252  

   Stratum corneum (SC) protein estimation 
 colorimetric analysis , 292  
 gravimetric analysis , 291–292  
 IR densitometry   ( see  Infrared (IR) densitometry) 
 pseudo-absorption , 292–293  

   Subclinical melanoderma , 26–27  
   Superfi cial basal cell carcinoma , 36  
   Surface skin temperature.    See  Irritant dermatitis test 

    T 
  Tape stripping (TS) 

 adhesive tapes , 282  
 application , 282–283  
 application fi elds , 275  
 colorimetric method , 275  
 Corneofi x ®  strips   ( see  Corneofi x ®  strips) 
 defi nition , 281  
 environmental conditions , 282  
 experimental procedure , 287  
 occlusion , 284  
 SC integrity and cohesion , 285  
 SC layers, sampling and evaluation , 274–275  
 SC quantifi cation method , 291  
 SC removal 

 infl uencing parameters , 287  
 optical methods , 288–289  
 protein quantifi cation , 288  
 weighing method , 288  

 skin microrelief , 284  
 sunscreen formulation , 285  
 tape removal , 283–284  
 test sites , 282  
 topically applied formulation , 284  
 topically applied substances distribution , 285  
 weighing procedure , 275  

   Telethermography (TT) 
 clinical applications 

 blanching effect , 118  
 dermocosmetology , 120–122  
 melanoma , 115–116  
 microangiopathies , 116–118  
 patch tests , 116  

 FLIR ®  thermographic camera , 113  
 physical basis , 113  
 thermal camera , 113  
 thermal gradients , 114  
 with thermal stress , 114–115  

   2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) , 204  
   Tewameter ®  , 344  
   TEWL.    See  Transepidermal water loss (TEWL) 
   Tinea nigra , 18  
   Tissue viability imaging (TiVi) 

 absorption and scattering coeffi cient , 188–189  
 depth of penetration , 193  
 epidermal layer thickness , 189  
 Finn Chambers on Scanpor ®  application systems , 195  
 instrumentation 

 cross-section visualizer function , 191–193  
 erythema reactions , 191, 192  
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 Tissue viability imaging (TiVi) (cont.) 
 reference photo , 190  
 TiVi700 Analyzer , 190–191  
 TiVi701 camera software , 190  
 TiVi values , 191, 192  

 isotropic scattering , 188  
 Kubelka-Munk theory , 187  
 maximal oxygen saturation , 193  
 operating principle 

 advantages , 186  
 backscattered light , 186, 187  
 imager , 185, 186  
 light-emitting diodes (LEDs) , 185  

 parallel displacement of , 194  
 polarization spectroscopy camera , 185  
 RBC concentration , 188  
 skin blanching , 195  
 toolboxes , 196–197  
 UVB phototesting , 195  
 validation , 192–194  

   Tissue Viability index (TiVi index ) , 188  
   TiVi.    See  Tissue viability imaging (TiVi) 
   TransEpidermal water loss (TEWL) 

 AquaFlux 
 apparent contradiction , 335  
 condenser-chamber , 336  
 diffusion-gradient measurement principle , 

338–339  
 fi nite measurement range , 338  
 fl ux time-series curve , 336  
 humidity gradient calculation , 336  
 measurement chamber , 335, 336  
 measurement procedures , 337  
 measurement time , 340–341  
 mobility , 338  
 recorded data , 338  
 repeatability , 339–340  
 Tukey mean-difference method , 339  
 water vapour accumulation , 338  
 water vapour fl ux calculation , 336  

 epidermal permeability barrier function , 344  
 guidelines , 341  
 measurement , 345–346  
 open-chamber method 

 DermaLab ®  , 344  
 measuring principle , 344  
 schematic overview , 344, 345  
 Tewameter ®  , 344  

 skin barrier assessment , 335  
 unventilated-chamber (closed) method , 344  
 VapoMeter 

 diffusion-gradient measurement principle , 
338–339  

 equipments , 337  
 fi nite measurement range , 338  
 functions , 337  
 measurement chamber , 336, 337  
 measurement procedures , 337  
 measurement time , 340–341  
 mobility , 338  

 recorded data , 338  
 repeatability , 339–340  
 Tukey mean-difference method , 339  
 unventilated-chamber method , 336, 337  
 water vapour accumulation , 338  

 ventilated-chamber method , 344  
   Trichobacteriosis , 29  
   TrichoScan ®  system 

 hair growth parameters , 402–404  
 manual  vs.  automatic hair counting , 400  
 measured hair counts , 404  
 nongrowing telogen and catagen hairs , 400  
 sensitivity , 401  
 target area centering , 406–407  
 target area size , 404–406  
 test results , 401–402  

   TS.    See  Tape stripping (TS) 

    U 
  Ultrasound 

 calcifying epithelioma of Malherbe 
 clinical manifestation , 156  
 complex nodule , 157, 158  
 with fl uidic area , 157, 158  
 incidence of , 155  
 partially calcifi ed nodule , 157  
 shadow/ghost cells , 156  

 in-transit metastases 
 contrast medium , 158  
 electrochemotherapy , 158, 160  
 grouped in-transit , 158, 159  
 impalpable , 158, 160  
 single in-transit , 158, 159  

 psoriasis 
 psoriatic arthritis , 162  
 transverse and longitudinal section, nail , 161  

   Urticaria and urticarial vasculitis , 19  

    V 
  VapoMeter 

 diffusion-gradient measurement principle , 338–339  
 equipments , 337  
 fi nite measurement range , 338  
 functions , 337  
 measurement chamber , 336, 337  
 measurement procedures , 337  
 measurement time , 340–341  
 mobility , 338  
 recorded data , 338  
 repeatability , 339–340  
 Tukey mean-difference method , 339  
 unventilated-chamber method , 336, 337  
 water vapour accumulation , 338  

   VD.    See  Videodermatoscopy (VD) 
   Videocapillaroscopy 

 in fl uorescence , 131–132  
 polarized light , 130–131  
 principles , 129  
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 refractive index , 130  
 stereomicroscope , 129  
 white light , 130  

   Videodermatoscopy (VD) 
 alopecia areata , 420, 421  
 androgenetic alopecia , 417, 419–420  
 applications in , 1, 2  
 cicatricial marginal alopecia , 422  
 congenital triangular alopecia , 421  
 cutaneous/mucosal infections 

 cutaneous warts , 17–18  
 genital warts , 18  
 lupus vulgaris , 18  
 molluscum contagiosum , 17  
 tinea nigra , 18  

 defi nition , 417  
 discoid lupus erythematous , 421–422  
 ectoparasitoses 

 cutaneous leishmaniasis , 17  
 demodicosis , 17  
 furuncular myiasis , 17  
 head and pubic lice , 16–17  
 scabies , 16, 17  
 tungiasis , 17  

 folliculitis decalvans , 422  
 hair loss , 417–419, 422  
 hair shaft disorders , 424  
 infl ammatory disorders 

 lichen planus , 19  
 pityriasis lichenoides et varioliformis 

acuta , 19  
 psoriasis , 18–19  
 rosacea , 19  
 urticaria and urticarial vasculitis , 19  

 lichen planopilaris , 421, 422  
 nail disorders 

 glomus tumor , 20  
 onychomatricoma , 20  
 onychomycosis , 20  
 psoriasis , 19–20  

 nonpigmented skin lesions 
 actinic porokeratosis , 15  
 Bowen’s disease , 16  
 clear cell acanthoma , 12, 14  
 eccrine poroma , 15  
 invasive squamous cell carcinoma , 16  
 Kaposi’s sarcoma , 16  
 keratoacanthoma , 15  
 mastocytosis , 14–15  
 median raphe cysts , 15  
 nonpigmented facial actinic keratosis , 

15–16  
 pyogenic granuloma , 12, 15  
 sarcoidosis , 15  
 sebaceous hyperplasia , 9, 12, 15  
 xanthomatous neoplasms , 14  

 pediculosis , 423  
 pigmented skin lesions 

 face , 3  
 melanocytic lesions , 2, 4–5  
 noninvasive follow-up , 3  
 non-melanocytic lesions , 2, 5–6, 13–14  
 palms and soles , 3, 9  
 pattern analysis , 2  
 two-step approach , 2, 3  
 vascular structures , 2, 8–9  

 psoriasis , 423–424  
 sarcoidosis , 422  
 scabies , 423  
 scalp disorders , 19  
 telogen effl uvium , 420  
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