Journal of Biomedical Optics 9(2), 287-291 (March/April 2004)

Birefringence measurements in human skin using
polarization-sensitive optical coherence tomography

Mark C. Pierce Abstract. Optical coherence tomography enables cross-sectional im-
John Strasswimmer aging of tissue structure to depths of around 1.5 mm, at high-
B. Hyle Park resolution and in real time. Incorporation of polarization sensitivity
Barry Cense (PS) provides an additional contrast mechanism which is complemen-
Johannes F. de Boer tary to images mapping backscattered intensity only. We present here
Harvard Medical School polarization-sensitive optical coherence tomography (OCT) images of
Massachusetts General Hospital human skin in vivo, demonstrating the ability of the technique to
g\éegrgisoﬁegttreereftor Photomedicine visualize and quantify the birefringent properties of skin. Variation in
Boston, Massachusetts 02114 normal skin birefringence according to anatomical location is demon-

strated, and discussed in relation to collagen distribution at each lo-
cation. From measurements on a sample of five human volunteers,
mean double-pass phase retardation rates of 0.340*0.143, 0.250
+0.076, and 0.592+0.142 deg/um were obtained for the dorsal
hand, temple, and lower back regions, respectively. We demonstrate
how averaging the Stokes parameters of backscattered light over a
range of axial and lateral dimensions results in a reduction of speckle-
induced noise. Examples of PS-OCT images from skin sites following

wound healing and repair are also presented and discussed. © 2004
Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1645797]
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1 Introduction lular matrix upon which the impermeable epidermal layer is

Optical coherence tomograpk@CT) is a recently developed ~ 9rOWN: Loss _of collagen structure and _int(_agrity _is frequently
technique that permits noninvasive, cross-sectional imaging @SSociated with abnormalities of the skin, including skin can-
of subsurface tissue structdr€onventional OCT images are cer and thermal injury, suggestmg. that blrefr|ngence measure-
oriented analogously to a vertical section in histology, with a ments may prove valuable as a diagnostic indicator of certain
typical resolution of around 1@m achievable to depths of dermatollog|.c patholqg|es. .

15-2 mm in tissue. Advances in optical source Polar|zat|on-_sen5|t|_ve optical coherence tomqgra(jﬁ&-
development* data acquisition, and imaging sp&&and OCT) was originally implemented by the addition of bulk

the development of probes tailored to enable access to par_poIarization optics to conventional OCT systems, with inter-

ticular organ&® has resulted in the application of OCT across ference fringes formed by light n ort.hogonal polarization
a range of clinical areasPreviously reported investigations ztatesb detectt;ad segara_t ely. _Pollar(;zatlon-related pherll?]mens
of OCT in dermatology have demonstrated the ability of the ave been observed using single-detector systems, althoug

techni 1o delineat idermal and dermal lavers. ident without the employment of true polarization diversity detec-
echnique to delineale epidermar a ermal fayers, ide fytion, such measurements remain qualitative and susceptible to

appendages including eccrine ducts and pilosebaceous UnNitSerror and misinterpretation. A complete description of polar-

and Obselg\_’%t'on of conditions including inflammation and ization effects in OCT requires use of the Stokes véttor

bllstt_arln_g_. ) Mueller matrix formalisms. Sixteen-element Mueller matrices
Significant enhancements to OCT technology have since have been determined fan vitro biological samples using

been realized, including improvement in resolution, imaging bulk-optic PS-OCT systen?d; 2 although for successful de-
depths that extend beyond 1 mm, and considerably reducedy|oyment of PS-OCT in the clinical setting, high-speed fiber-

. . . . . . e g

imaging times. Incorporation of polarization sensitivity based systems were developed, thereby reducing sensitivity to
enables the polarization state of light to be detected and quan-misalignment with imaging at 2048 lines per second re-
tified, which is particularly significant when birefringent tis-  cently reported:2®

sues are of interest. Many types of tissue exhibit intrinsic
and/or form birefringence, especially those with a significant .
collagen content, including tendon, ligament, and skin. The 2 Matferlals a'?d Methods

collagen content of the skin is particularly important, since 1he design and implementation of our PS-OCT system are

combined with elastin in the dermis, it provides the extracel- described elsewhg?é.Briefly, a semiconductor optical ampli-
fier light source with a center wavelength of 1310 nm and full
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width at half maximum(FWHM) bandwidth of 70 nm is
coupled via optical fiber to an electro-optic polarization
modulator. After transmission through the modulator and a
fiber optic circulator, a fiber optic splitter divides light in a
90:10 ratio between the sample and reference arms, respec-
tively. Use of a circulator and an uneven splitting ratio in-
creases the power efficiency of the system relative to designs
based on a standard 50:50 split Michelson configurafigh.

A rapid scanning optical delay line is used for reference path
scanning at 2048 lines per second, permitting real-time data
acquisition. Light is directed onto the skin via a light, compact
handheld probe, resulting in an incident power of 7 mW at the Fig. 1 Conventional (a) and polarization—sgnsitive (b) images Qf skin at
tissue, focused on a spot of around /’ﬂh diameter. This the Ipwer ba}ck of a human volunteer. The mﬁgges are5r'nrrLW|de'><1.2
power level is below the safe occupational exposure level ' physical depth (n=1.4). e—Epidermis; d—dermis; *—hair fol-
established by the American National Standards Institute ’

(ANSI Z136.]). Light reflected from the skin is recombined

with light from the reference mirror and coupled via the op- from black (0°) to white (1809 and returns to black at 360°.
tical circulator to an all-fiber OptiC polarizing beamsplitter, All experiments were performed on hea]thy Vo|unteers’ re-
with orthogonal polarization states each detected by fiber- cruited under a protocol approved by the Institutional Review
pigtailed photodiodes. Signals at each of the two detectors areBoard of Massachusetts General Hospital. Each set of OCT
ampllfled, filtered, and dlgltlzed before all Subsequent data images(both intensity and p0|arization_sensitive |magws
processing and display are performed in software. acquired, processed, and displayed in 1 s. All images pre-
Extraction of the sine and cosine components of the full sented here are 5 mm wide and 1.2 mm in physical depth,
interference fringe patterns at each detector enables the S'[Okegsing the approximation of a constant tissue refractive index

parameters of backscattered |Ight to be calculated as a fUnC-Of 1.4. |mages are d|Sp|ayed on a |ogarithmic gray scale over
tion of depth within the sample. Conventional OCT intensity a 55 dB dynamic range.

images are formed by displaying the Stokes paraniéigron

a logarithmic gray scale, with black representing strong back- 3 Results
scattering intensity. To obtain polarization-sensitive images,
light incident on the tissue sample is modulated between two ) . 4
independent polarization states, orthogonal in the Poincare®f Skin at the lower back and temple regions are shown in
sphere, for alternaté lines. Use of these two different states F9S- 1 and 2, respectively. The layered structure of skin com-
maximizes the accuracy of the polarization information ob- Prising epidermal, e, and dermal, d, layers is evident in both

tained, and ensures that tissue birefringence will be detectedCOnVentional images. Features including a hair folli¢leare
regardless of the material's optic axis orientation. For each ©PS€rved in the skin of the lower back, which also exhibits a

pair of A lines, the polarization states of light incident at the thicker epidermal layer compared to the skin of the temple. A
sample surface are described by the Stokes vectorsdreater density of sebaceous glands in skin of the facial region

[Q(0),U(0),V(0)], ,. Upon propagation within tissue, these leads to a less structured appearance within the papillary der-

polarization states may change due to effects including scat-MiS compared to the lower back, where a strongly back-
tering, birefringence, and dichroism, and are described at g Scattering, fibrous layer is observed. Further differences in the
depth z within the sample by Stokes vectors properties of skin at these two locations are revealed by the

I ding polarization-sensitive imadésgs. 1b) and
[Q(2),U(2),V(2)]12- In the Poincaresphere, these changes C0MeSPON \ NSIUVE _
in the polarization state of light are described by rotation of 2(P)l- At both locations, there is minimal change in the polar-

the Stokes vectors through a retardation argghhich in the ization state of light within the epidermal layer, as indicated
case of pure birefringence, is about an axis lying in @ b_y th_e image r_emaining black within this region. _HO\_/vever,
plane. In addition to tissue birefringence, in a fiber-based PS- birefringence within the dermal layers at these skin sites ap-

OCT system, the polarization state may also change as a result
of fiber birefringence, meaning that rotation of the Stokes
vectors is no longer constrained about an axis in @d
plane. We account for the contribution of fiber birefringence
by determining the orientation of a unique optic axis as a
function of depth within tissue, and the angle through which
our pair of Stokes vectors is rotated about this &xfsBy
determining the phase retardation angle relative to the tissue
surface state for each line, we are insensitive to changes in
the polarization state of light which may be induced by either
static or dynamic changes in sample arm fiber birefringence
on time scales longer than that taken to acquire eadihe,
WhiCh f(?r the s_y_ster_n described here_ is SQE. _EaCh ~ Fig. 2 Conventional (a) and polarization-sensitive (b) images of skin at
polarization-sensitive image thus comprises 1024 lines, With the temple of a human volunteer. The images are 5 mm widex1.2
phase retardation angles displayed on a gray scale that cyclesnm in physical depth (n=1.4). e—Epidermis; d—dermis.

Representative conventional and polarization-sensitive images
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Birefringence measurements in human skin . . .
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Fig. 3 Mean phase retardation and intensity as a function of depth for O ] }
the images of the lower back (a) and temple (b) shown in Figs. 1 and 15 %, I
2, respectively. The gradient of a linear least-squares fit to the phase -,""\_ 1
retardation data is shown in each case, along with the associated 10 ] \é\:'g\ ]
fitting error. 5 J $ . ]

0

0 1(')0 260 3(')0 460 560 6(')0 700
pears visibly different, as indicated by the contrast of the tran- Lateral averaging dimension [um]
sition from black to white in each image. Skin of the lower
back[Fig. 1(b)] demonstrates changes in the polarization state Fig. 4 Reduction in phase offset for the data displayed in Fig. 3(a), as
of light within the dermal layer, with the measured phase 2 function of the axial and lateral dimensions over which the Stokes
retardation angle cycling over 36(lack to white to black parameters are averaged.
In contrast, the lack of strong banding observed in Fi@),2
corresponding to skin of the temple, indicates considerably
lower birefringence at this location.

The information contained within these polarization-
sensitive images can be displayed quantitatively by calculat-

ing the mean phase retardation angle as a function of OIeIOthscans. Each scan was 5 mm wide with successive scans 1 mm

over the full W'd.th of an image. Figured& a_nd 3b) show . _apart, such that each group covered>B5mnt area. Least-
both the mean intensity and phase retardation corresponding

to Figs. 1 and 2. The depth of the secondary peak in the squares fits were _applled _to gach phase retardation plot as
h ; Lo . . demonstrated previously, yielding 15 values of phase retarda-
intensity plots indicates the location of the epidermal—dermal tion rate(degjum) with associated individual fitting errors for
boundary, measured at 1t70 um for the temple and I 9

155+10 um at the lower back. The phase retardation graphs each location. Mean phase retardation rates were then calcu-
. . o ; lated for the lower back, temple, and hand for each volunteer.
for both skin locations demonstrate minimal change in the

N X L . . The results of these measurements are shown in Fig. 5, with
polarization state of light within this epidermal layer, before . o
L . accompanying error bars indicating the standard error on the
the accumulated phase retardation increases as light propa- . S o
L : . 4 mean. The measured phase retardation rates exhibit variation
gates within the dermis. Applying a least-squares fit to the

linear portion of these phase retardation plots enables skinaccordlng to the skin location, with the temple region exhib-

L e iting the lowest value for all subjects. Conversely, skin of the

birefringence to be quantified in terms of tk@ouble-pass . . . .
. . i ) lower back provided the highest value for all subjects, with

phase retardation rate and associated fitting error, with values
of 0.759+0.004 and 0.23%0.004 degim measured for the
lower back and temple locations shown in Figs. 1 and 2, re- 10-
spectively. The observed offset at the tissue surface is due to '
variance in the computed Stokes parameters that arises from
speckle. This noise can be reduced by averaging the Stokes
parameters over distances larger than the coherence length of
the sourcé? Figure 4 demonstrates how the phase offset ob-
served in Fig. 89) is reduced by averaging the Stokes param-
eters over different spatial scales in both axial and lateral
directions. Stokes parameters were averaged ovenbéon
the lateral direction and 14 Am in depth for the graphs pre-
sented in Fig. 3.

Figures 1b) and Zb) demonstrate how tissue birefringence
can vary within an image: some regions indicate retardation
values around 180(white) while in neighboring regions the
retardation remains lowdark gray. The intention of this 0.0
study was to examine anatomical variations in skin birefrin-
gence rather than small-scale local variations. Therefore, to Subject #
assign a single rgtardatlon value 1o .the region of fissue im- Fig. 5 Bar graph of the mean phase retardation rate with standard
aged, We_ determined _phase retardation values averag_ec_j_oveérror on the mean (deg/um) for the hand, temple, and lower back of
the full width of each image. To evaluate the reproducibility each of five volunteers. Each data point was obtained from 15 sepa-
of our observations, birefringence measurements were takenrate measurements at each location.

at the lower back, temple, and back of the right hand, of a
group of five healthy male volunteers, aged between 24 and
35 years. For each volunteer, 15 PS-OCT images were taken
at each location, consisting of 3 neighboring groups of 5

0.8

0.6 4

0.4

0.2

Mean phase retardation rate [fum]
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Table 1 Mean (double-pass) phase retardation rate, standard deviation, and standard error on the mean
for the hand, temple, and lower back regions, determined from all data samples. (n=five volunteersx15
scans at each location=75 measurements per location.)

Mean phase Standard error on
retardation Standard deviation mean
(deg/ sum) (deg//um) (deg/ )
Hand (n=75) 0.340 0.143 0.017
Temple (n=75) 0.250 0.076 0.009
Lower back (n=75) 0.592 0.142 0.016

skin of the hand yielding intermediate values. Table 1 pro- boundary between normal skieft) and scar tissuéright),
vides the mean phase retardation rate, standard deviation, andvith the scar region providing a slightly strongétarkep
standard error on the mean for data combined from all volun- backscattering signal compared to the normal region in Fig.
teers, at each of the three locations investigated. 7(a). Examination of the corresponding polarization-sensitive
To further illustrate the intrinsic variation of skin birefrin-  image reveals multiple black—white bands within the scar re-
gence with anatomical location, Fig. 6 presents PS-OCT im- gion that are absent in the norni&gft) side of the image. The
ages at the index fingertip of a volunteer. Ridges that form the appearance of strong multiple banding within both young and
fingerprint unique to this volunteer are immediately evident in old scar tissue has been observed consistently during imaging
the conventional OCT image, with eccrine ducts extending to of scar sites on the skin, which we attribute to the presence of
the skin surface through the characteristically thick stratum newly formed collagen at these locations, which exhibit in-
corneum(sc) common to acral skin of the hands and feet. The creased birefringence.
horizontal black—white banding observed in earlier
polarization-sensitive images of skin on the lower back and
temple[Figs. 1b) and Zb)], is replaced by three distinct re- R ) ] )
gimes of polarization behavior. Upon propagation through the The polarization properties of the skin provide a contrast
stratum corneum, the polarization state of light varies ran- mechanism |n.add|t|on to backgcattergd Ilght mtensny which
domly, and is apparent from the random phase retardation™ay be exploited when observing or imaging the skin. PS-
angles mapped between black and white within this region. ©CT enables changes in the polarization state of light to be
Upon entering the papillary dermis, light is seen to remain in v!suallzeq anq qqannﬂed in a depth-resolved manner, both at
some arbitrary polarization state, with a degree of correlation Singlé points in time and over extended courses of time. We
apparent over spatial scales on the order of 28@ Within have obs.erv'ed the ab|I|t_y of components of_ the skin '_[o a_Iter
the lower dermis, depolarization due to multiple scattering the polarization state of I_|ght, and _attrlbute thl_s to the_blr(_efrln-
dominates and the polarization-sensitive image again becomeg€nt nature of collagen fibers, which along with elastin fibers,
randomized. One possible explanation for randomization of Provides the dermal layer with mechanical strength and orga-
the polarization state of light observed in the stratum corneum Nization. While the presence of collagen is common to skin at
is that the flattened, keratinized cells present within this layer @ll locations on the body, the size, distribution, and relative
each act as individual wave plates with random retardation, concentration of individual fibers are known to vary according
although this hypothesis requires further investigation. to. the Iogatlon. Our observations of variable b|refr|nge'nce
Figure 7 demonstrates the effect of wound healing on skin With location reported here may be understood by consider-
birefringence: this image was acquired at the site of mature &tion of the known collagen distribution at the locations ex-
scar tissue on the arm of a volunteer. The image traverses the2Mined. The relatively thick skin of the torso and limbs has a

4 Discussion

Fig. 6 Conventional (a) and polarization-sensitive (b) images of skin at Fig. 7 Conventional (a) and polarization-sensitive (b) images of skin at
the index fingertip of a human volunteer. The images are 5 mm wide the site of scar tissue on the arm of a human volunteer. The images are
X1.2 mm in physical depth (n=1.4). sc—Stratum corneum; 5 mm wideX1.2 mm in physical depth (n=1.4). To the left side of the
d—dermis; *—eccrine ducts. image is normal skin, to the right is mature scar tissue.
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thick dermal layer, made up of large bundles of collagen fi-
bers, which we expect to exhibit significant birefringence.
Thinner skin covering the face comprises a network of finer
collagen bundles, combined with a particularly high density
of eccrine glands, resulting in lower birefringence. Collagen

remodeling and repair are known to be a fundamental aspecti,

of the wound healing process, and, as we have seen, skin in
regions of scar tissue is particularly birefringent.

Collagen birefringence has been previously repottéd,
as have dynamic changes in birefringence due to thermal
denaturatiori>*? although other potentially influential factors
including age, photodamage, and wound healing response
have been poorly categorized vivo. As we have demon-
strated here, variation with anatomical location can be signifi-

cant, although the measurements appear to be consistent’.

across a limited set of samples.

18.

5 Conclusions
PS-OCT provides noninvasive imaging and quantification of

both the skin structure and polarization properties in real time. 1o

We anticipate that birefringence measurements in human skin
may prove useful as an indicator of collagen integrity, which

itself is related to a wide range of dermatological conditions. 20.
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