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Optical coherence tomography in dermatology: a review

Julia Welzel
Department of Dermatology, Medical University of Liibeck, Liibeck, Germany

Background/aims: Optical coherence tomography (OCT) is a
non-invasive technique for morphological investigation of tissue.
Since its development in the late 1980s it is mainly used as a
diagnostic tool in ophthalmology. For examination of a highly
scattering tissue like the skin, it was necessary to modify the
method. Early studies on the value of OCT for skin diagnosis
gave promising results.

Methods: The OCT technique is based on the principle of Mich-
elson interferometry. The light sources used for OCT are low
coherent superluminescent diodes operating at a wavelength of
about 1300 nm. OCT provides two-dimensional images with a
scan length of a few millimeters (mm), a resolution of about 15
pum and a maximum detection depth of 1.5 mm. The image acqui-
sition can be performed nearly in real time. The measurement is
non-invasive and with no side effects.

Results: The in vivo OCT images of human skin show a strong
scattering from tissue with a few layers and some optical inhomo-
geneities. The resolution enables the visualization of architectural
changes, but not of single cells. In palmoplantar skin, the thick
stratum corneum is visible as a low-scattering superficial well de-
fined layer with spiral sweat gland ducts inside. The epidermis can
be distinguished from the dermis. Adnexal structures and blood

N DERMATOLOGY , most skin diseases can be diag-

nosed by the naked eye. For investigation of cellu-
lar changes, conventional excisional biopsy is still the
gold standard. Because biopsies are invasive and may
cause side effects that make follow-up studies diffi-
cult, the development of non-invasive morphological
techniques was pushed along. High-frequency sono-
graphy has become established in dermatology, but
the resolution and contrast of the ultrasound images
have not come up to expectations (1). Among others,
high resolution optical techniques that cause no side
effects when using visible or infrared light are being
developed.

Optical coherence tomography (OCT) is based on
the more than 100-year-old principle of Michelson in-
terferometry. The technique was first introduced by
Fercher et al. (2) and Huang et al. (3) for investigation
of the human eye. It has proved to be of value for
visualization of changes in the retina and the cornea
(4-7). Some experimental studies on other organs re-

vessels are low-scattering regions in the upper dermis. Skin tu-
mors show a homogenous signal distribution. In some cases, tu-
mor borders to healthy skin are detectable. Inflammatory skin dis-
eases lead to changes of the OCT image, such as thickening of
the epidermis and reduction of the light attenuation in the dermis.
A quantification of treatment effects, such as swelling of the horny
layer due to application of a moisturizer, is possible. Repeated
measurements allow a monitoring of the changes over time.
Conclusion: OCT is a promising new bioengineering method for
investigation of skin morphology. In some cases it may be useful
for diagnosis of skin diseases. Because of its non-invasive
character, the technique allows monitoring of inflammatory dis-
eases over time. An objective quantification of the efficacy and
tolerance of topical treatment is also possible. Due to the high
resolution and simple application, OCT is an interesting addition
to other morphological techniques in dermatology.

Key words: optical coherence tomography (OCT) — in vivo in-
vestigation — bioengineering method — skin diseases

vealed the value of this new optical technique (8-13).
In contrast to the eye, which is naturally a low light
scattering transparent medium, skin is nearly non-
transparent. The lack of transparency is due to ab-
sorption and scattering; the first is mainly influenced
by the concentration of melanin and haemoglobin, the
latter by differences in the refraction index. In the
wavelength range of 700 to 1300 nm, the so-called di-
agnostic window, absorption is relatively low, so that
light penetrates deep into the skin and optical in-
homogeneities are the main factor influencing the im-
age. When illuminating the skin, most of the photons
are scattered more than once. This leads to artifacts
when detecting all the backscattered photons for im-
age information, because they are dislocated in space
and time. Only a small part of the photons directly
reflected from a structure carry real image infor-
mation. The problem with OCT is to distinguish this
small fraction from the intense background noise;
solving the problem involves looking for interference
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between the sample and the reference beam and using
the high output power and dynamic range of the sys-
tem. Some experimental OCT systems have already
been used in dermatology (14, 15). Early in vivo OCT
images of the human skin gave promising results (16—
21).

OCT Technique

For OCT, light sources with wavelengths in the near
infrared, most of them operating at 1300 nm, are used.
The light sources are superluminescent diodes with a
short coherence length of about 15 pm. Alternatively,
a laser can be used, in which the short coherence
length is achieved by ultrashort femtosecond pulses.
The light is coupled to a single-mode fiberoptic inter-
ferometer and divided into a reference beam and a
probe beam. The reference signal is reflected from a
scanning mirror system. The light in the sample arm
is focused onto the superficial skin layers, backscatter-
ed and recombined again with the reflected reference
signal (Fig. 1). Interference occurs only if the path
length of both beams match to within the short coher-
ence length of the light source. The interference signal
gives, therefore, information about the path length
distribution of the sample beam due to optical in-
homogeneities of the tissue. By lateral scanning, OCT
provides two-dimensional cross-sectional images of

Fig. 1. OCT system for dermatology. The light from the superlumi-
nescent diode is coupled into optical fibers and divided into a reference
and a sample beam. The reference beam is reflected by a scanning
mirror system, and the probe beam is focused onto the skin. The back-
scattered photons are recombined again with the reference signal and
are detected by interference if they match to within the short coherence
length.
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the skin. The axial resolution depends on the coher-
ence length of the light source, whereas the lateral res-
olution is given by the focal spot size and the scan
step. Both values are about 15 um for conventional
OCT systems. The detection depth depends on the
wavelength, the scattering and the attenuation of the
light inside the tissue and varies from 1 to 1.5 mm in
skin. By applying a scan frequency of 100 Hz, the time
for one image of 4 mm scan length is about 4 s. There-
fore, real-time imaging is almost reached, and artifacts
due to slight movements of the skin do not play an
important role. The scans are represented in logarith-
mic false color or grey scale images.

A calculation of the thickness of layers, the intensity
of the signal and the light attenuation coefficient in
different depths can be performed on the averaged A-
scan in a region of interest in the OCT image (Fig.
2). These parameters are useful for quantification of
changes. Because light propagation in tissue differs
from that in air due to differences in refraction, the
dimensions must be corrected by dividing by the re-
fractive index of skin, which is about 1.4 (22).

The OCT measurement is unobtrusive and safe. It
is not noticeable by the subject and has no side effects.
Because of the fast scanning mode and the low output
power of the light source (in a range of a few milli-
watts), the technique meets the safety standards for
irradiation of tissue. Our OCT studies were approved
by the local ethics committee.

For the special demands of practical dermatological
operation, a compact OCT system with a flexible ap-
plicator was constructed at the Medical Laser Center
Liibeck, Germany; the system will be commercially
available (Fig. 3). This prototype was used for system-
atic studies on various skin changes in healthy volun-
teers and patients.

OCT of Healthy Skin

The reflectivity of skin leads to a signal intensity peak
on the surface. Below this entrance signal, several

Fig. 2. OCT image of healthy skin of the forearm. On the right side,
the averaged A-scan is represented. The thickness of the epidermis is
195 pm; the relationship between the entrance signal and the second
intensity peak on the border to the dermis is 1.7; the light attenuation
coefficient in the upper dermis is 1.8/mm. (830 nm OCT, 4 mmx1.3
mm)



Fig. 3. The OCT system and the hand piece in front of the keyboard.

layers and structures can be distinguished in the OCT
image.

The stratum corneum is only visible on palmoplan-
tar skin. At this location it is a thick, homogenous,
low-scattering, well defined superficial layer with
some spiral, strong scattering sweat gland ducts in-
side (Fig. 4).

At other locations, the epidermis is the first layer. It
shows less intense signals than the dermis and can be
distinguished from the upper corium if the border is
flat and not too toothed. In the averaged A-scan, the
border to the dermis is characterized by a second in-
tensity peak (Fig. 2).

The dermis shows intense signals with some lower
reflecting regions, corresponding to hair follicles and

Fig. 4. In vivo OCT image of healthy skin of the finger tip. The first
layer is the thick stratum corneum with spiral sweat gland ducts
(stars). The stratum granulosum is marked by an arrow. (4 mmXx1.1
mm)

sebaceous glands (Fig. 5). Hairs on the skin surface
cause signal shadows. The blood vessels appear as
signal-free round or longish structures. If the dermis
is thin, the low reflecting subcutis is visible in the
lower parts of the image.

A comparison between corresponding histological
sections and the investigation of defined bullous dis-
eases allow assignment of the different layers seen in
OCT images (Fig. 6a & b).

The reflection of the skin surface can be reduced by
application of an ointment or glycerol (Fig. 7a & b).
The topical treatment makes the skin more trans-
parent, reduces light scattering and, therefore, in-
creases detection depth. Vargas et al. (23) investigated
the influence of glycerol on the light scattering prop-
erties of skin. They found a reduction in the lack of

Fig. 5. Healthy skin of the cheek shows a less signal-intense epidermis
as the first superficial layer below the entrance signal, some hair fol-
licles (stars) and sebaceous glands (arrow). (4 mmX1.4 mm)

Fig. 6. OCT image (a) and corresponding histological section (b) of an
intraepidermal, mechanically induced blister on the thumb. The cleft
location is the stratum granulosum. (830 nm OCT, 2 mmX1.1 mm;
histology H-E, X50)



Fig. 7. Healthy skin of the finger tip before (a) and directly after appli-
cation of glycerol (b). The treatment leads to an increase in the detec-
tion depth and to an attenuation of the entrance signal. (4 mmx1.1
mm)

transparency after a dermal injection of glycerol. This
effect was explained by the hyperosmolarity of the
substance causing a water shift from intracellular to
extracellular space, which leads to a matching of the
refractive indices of the collagen and the ground sub-
stance. The effect of glycerol on the stratum corneum
is different. The substance is a potent natural moistur-
izing factor and increases the water binding capacity
of the horny layer. Our comparative studies on the
effect of topical treatment on OCT images have shown
that all products induce an immediate reduction of
the light attenuation and an increase of the detection
depth of the light signal. The products act like an im-
mersion oil and reduce the opacity of the stratum
corneum.

OCT of Skin Tumors

In OCT images of epithelial skin tumors, the deri-
vation of tumor cell aggregates from the epidermis is
visible. Solid tumors show a homogenous signal dis-
tribution (Fig. 8a & b). Cystic structures are identifi-
able by signal-free areas (Fig. 9). In some cases, the
lateral border of the tumor adjacent to healthy skin
is detectable. In basal cell carcinomas, the tumor cell
aggregates can be distinguished from the fibrous
stroma.

Melanocytic skin tumors show a higher light scat-
tering and — like other tumors — show a more homo-
genous signal distribution compared with healthy
skin. The second intensity peak, representing an intact
border between epidermis and dermis, disappears in
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Fig. 8. OCT (a) and corresponding histology (b) of a basal cell carci-
noma on the lower eyelid. The signal distribution in the tumor is more
homogenous compared to healthy skin. (OCT 6 mmX1.5 mm; his-
tology H-E, X50)

Fig. 9. Cystic basal cell carcinoma on the lower eyelid. The cysts are
represented as signal-free cavities. (OCT 4 mmXx1.1 mm)

infiltrative growing malignant melanoma (Fig. 10a &
b). A differential diagnosis between benign nevi and
malignant melanomas is not possible using OCT be-
cause the resolution is not high enough to show single
cells. The infiltration depth of melanomas can be
measured only in thin tumors up to 1 mm in tumor
thickness because of the limitation of the light pene-
tration depth into the skin.

Some skin tumors show a characteristic pattern.
Seborrheic keratoses are inhomogeneous with areas of
poor and strong signals sharply demarcated from the
dermis (Fig. 11). Hemangiomas show several signal-
poor cavities in the dermis without affecting the epi-
dermis (Fig. 12).

OCT of Inflammatory Skin Diseases

Changes due to inflammation are clearly visible in
OCT images. A parakeratotic stratum corneum ap-
pears as a multilayered thickened entrance signal. A



Fig. 10. OCT (a) and histology (b) of a malignant melanoma. On the
averaged A-scan (right), no second intensity peak at the level of the
basal membrane is detectable. (OCT 4 mmXx1.8 mm; histology H-E,
x50)

Fig. 11. A seborrheic keratosis shows irregular signal-rich and signal-
poor areas corresponding to the horny cysts. The border between the
tumor and the dermis is sharply demarcated (arrow). (4 mmXx1.1 mm)

Fig. 12. The blood vessels in a hemangioma are represented as signal-
free cavities in the upper dermis. The intact epidermis is elevated above
the tumor. (4 mmX1.1 mm)

distance measurement between the entrance peak and
the second intensity peak in the averaged A-scan
gives information on the epidermal thickness. There-
fore, acanthosis of the epidermis due to proliferation
or spongiosis can be observed and quantified over
time. An inflammatory reaction of the skin is ac-
companied by edema, leading to a reduction of the
light attenuation coefficient in the dermis. The di-
lation of blood vessels in the upper dermis is also vis-
ible.

OCT of psoriatic skin shows a strong entrance sig-
nal, composed of several parallel layers (Fig. 13).

Fig. 13. Psoriasis with severe hyperkeratosis. The thickened stratum
corneum is represented by parallel multilayered lines. (4 mmX1.8 mm)

Scales may cause signal shadows due to the total re-
flection of the light from the surface. Pustules are seen
as intraepithelial holes with strongly scattering, sig-
nal-intense structures inside (Fig. 14). The acanthosis
of epidermis can be quantified and monitored over
time and under treatment. In psoriatic skin, the sec-
ond intensity peak is lower than in healthy adjacent
skin. This is due to the toothed border between epi-
dermis and dermis with pronounced rete-ridges in
psoriasis. Therefore, the border is not a well defined
flat line when averaging the A-scan signals. In the
dermis, light scattering is changed because of the in-
flammation. Dilated blood vessels are visible in the
OCT image (Fig. 15a & b).

In eczematous skin, the surface shows more folds.
As in psoriasis, the entrance signal is pronounced and
thicker due to the parakeratosis. The acanthosis of the
epidermis as well as the dilation of blood vessels in
the upper dermis is visible in the OCT image. The
edema leads to a decrease of the light scattering in the
dermis (Fig. 16).

Blisters appear in OCT as signal-free cavities. In-
traepidermal blisters can be distinguished from sub-
epidermal blisters by looking for the location of the
cleft at the lateral border of the blister. A phototoxic
contact dermatitis shows multilocular blisters in the
lower epidermis. In herpes zoster, the cavity is a con-
fluence of intraepidermal blisters with remnants of
clotted large acantholytic keratinocytes inside. In
pemphigus vulgaris, the roof of the blister is very thin

Fig. 14. A psoriatic pustule appears as an intraepidermal cavity filled
with inhomogeneous signal strong material. (4 mmX1.8 mm)



Fig. 15. Psoriasis (a) and healthy adjacent skin (b) of the same subject.
The averaged A-scans are shown on the right. In psoriasis, the epider-
mis is thickened, and the second intensity peak and the light attenu-
ation coefficient in the dermis are lower compared to healthy skin.

Fig. 16. Irritant contact dermatitis 4 days after application of 5% so-
dium lauryl sulfate on the forearm. Compared to healthy skin of the
same subject (see Fig. 2), the contact dermatitis shows larger folds on
the surface, a pronounced entrance signal, a thickened epidermis and
dilated blood vessels (arrow) in the dermis. (830 nm OCT, 4 mmXx1.8
mm)

compared to the bulla in bullous pemphigoid, where
the whole epidermis is elevated (Fig. 17a-d).

Some skin diseases can be easily diagnosed using
OCT. The characteristic chimney-like hyperkeratosis
in porokeratosis is visible in the OCT image as well
as the mite in scabies (Figs. 18 & 19).

OCT for Evaluation of Treatment Effects

Topical treatment influences the optical appearance of
skin in OCT. Directly after application, ointments are
visible on the skin surface as a strongly scattering
layer. After some minutes the penetration of the prod-
uct into the stratum corneum can be observed (Fig.
20a—d). Hydrating effects of moisturizers on the stra-
tum corneum as well as epidermal atrophy after ster-
oid therapy can be quantified by thickness measure-
ments. Furthermore, OCT allows non-invasive moni-
toring of the healing of inflammatory skin diseases
under treatment. Occlusive or prolonged contact of
healthy skin with water or soaps leads to a swelling
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Fig. 17. a) Phototoxic contact dermatitis with intraepidermal multi-
locular blisters (830 nm OCT, 4 mmX1.4 mm). b) Herpes zoster with
a confluent intraepidermal blister with remnants of acantholytic kera-
tinocytes (arrow) (4 mmx1.1 mm). c) Pemphigus vulgaris with a large
intraepidermal bulla. The roof is very thin (830 nm OCT, 2 mmX0.8
mm). d) Bullous pemphigoid with a subepidermal blister. The whole
epidermis is elevated. The cleft (arrow) is between the epidermis and
the dermis. (4 mmXx1.8 mm)

Fig. 18. Actinic porokeratosis shows the characteristic chimney-like
hyperkeratotic column in the center of the OCT image. (4 mmx1.1
mm,)

of the horny layer. In the OCT images, the stratum
corneum is thickened and shows stronger light scat-
tering than before treatment (Fig. 21a & b). Obviously,
the water content and the shape of the corneocytes
influence the optical properties. All these changes can
be quantified by measurements of distances between
peaks, signal intensities and light attenuation coef-
ficients in different depths of the skin on the averaged
A-scan.



Conclusion

OCT is a new morphological method for non-invasive
in vivo investigation of the skin. It provides two-di-
mensional images of a lateral dimension up to 10 mm,
a detection depth of about 1.5 mm and an axial and
lateral resolution of about 15 um. With these par-
ameters, the stratum corneum, the epidermis and the
upper dermis can be investigated, as well as skin ap-
pendages and blood vessels. The resolution is not
high enough to show single cells, but the architecture
of a lesion can be assessed. The measurement has no
side effects and can be performed nearly in real time.
The use of optical fibers allows even hardly accessible
regions of the skin to be reached. Furthermore, OCT
is a fast, simple, compact and relatively inexpensive
technique.

The clinical studies of OCT in dermatology revealed
that the method is of value for diagnosis of some in-
flammatory and bullous skin diseases and for differ-
ential diagnosis of some tumors — for example, be-
tween solid and cystic lesions. The resolution is not
sufficient for judging the grade of melanocytic tu-
mors. The use of OCT for non-invasive monitoring of
inflammatory skin diseases is of special interest (24).
OCT allows an objective, high-resolution quantifi-
cation of the degree of acanthosis and edema over

Fig. 19. OCT of a scabies mite in the center with a burrow behind.
(1 mmx1.2 mm)

time and under different therapeutic regimes. There-
fore, OCT can also be used for evaluation of the effi-
cacy and tolerance of topical treatment.

Compared to other non-invasive bioengineering
methods, OCT has some advantages. Due to the
higher resolution, the OCT images give more details
and contrast than high resolution ultrasound (Fig. 22).
Compared to confocal scanning laser microscopy (25,
26), which provides a higher resolution, the detection

Fig. 20. Healthy skin on the thumb before (a), directly after application
of an ointment containing 10% urea (b), after 35 min (c) and after
wiping off the cream (d). The ointment is visible as a strongly scat-
tering layer on the skin surface. After a time, the penetration into the
stratum corneum can be observed. Compared to (a), the stratum corne-
um is thickened in (d) due to increased water content. (4 mmXx1.8
mm)



Fig. 21. Healthy skin on the fingertip before (a) and after 15 min bath
in a solution of a synthetic detergent (b). After treatment, the stratum
corneum shows swelling and stronger light scattering. (4 mmx1.1
mm)

Fig. 22. 20 MHz ultrasound and OCT of the same region on the fore-
arm. The dimensions are equal. Compared to ultrasound, the OCT
image has a lower detection depth, but a much higher resolution, which
allows differentiation of the epidermis and small blood vessels in the
dermis. (Ultrasound 12 mmx3.5 mm; OCT 5 mmX1.3 mm)

Fig. 23. In vivo three-dimensional OCT of the nail plate (arrow) of a
finger. The proximal nail fold and the cuticle are marked by a star. A
section is taken out of the image to allow a view into the matrix region.
(4.2 mmx4 mmx1.4 mm)

depth and the image size of OCT is much greater. Fur-
thermore, the technique is much simpler than mag-
netic resonance imaging of the skin (27, 28).

Future Developments

The fast scanning mode of OCT allows continuous
measurements of a dynamic process over several min-
utes and a display of the changes as a movie. This
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possibility has already been used in ophthalmology to
demonstrate the light reaction of the iris and in der-
matology to show the swelling of the stratum corne-
um after treatment with urea. By fast scanning of par-
allel two-dimensional OCT images, a three-dimen-
sional image of a structure can be calculated and dis-
played (Fig. 23) (29).

As in ultrasound, the Doppler effect can be used to
visualize and quantify blood flow (30). Such a color
duplex OCT is already realized for investigation of
the blood vessels of the human retina.

The image information of OCT depends on the
wavelength of the light source because the degree of
absorption of water, hemoglobin and melanin de-
pends on the wavelength. This effect can be used for
quantification of the water content of the epidermis
and dermis if two different wavelengths are used sim-
ultaneously for image acquisition and the images are
compared with respect to the light attenuation coef-
ficient.

Higher output power of the light source enhances
the detection depth, and shorter coherence length en-
hances the axial resolution. Therefore, the develop-
ment of new light sources for OCT will give further
perspectives on the clinical value of this method as a
diagnostic tool in dermatology. The experimental ap-
plication of a short-pulsed femtosecond laser has
demonstrated that a resolution of 3 to 5 pm can be
reached, which will allow the detection of single cells
(31).

In summary, OCT at its present technical realization
is a valuable non-invasive morphological method that
is starting to become commercially available. Further
developments will expand the possibilities and indi-
cations of OCT for practical use in dermatology.
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