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Spatially confined and temporally resolved refractive
index and scattering evaluation in human skin
performed with optical coherence tomography

A. Knuttel Abstract. In the present applications of optical coherence tomogra-
:5|5 OPgZHiCS GmbH phy (OCT), parameters besides pure morphology are evaluated in skin
nnstr.

tissue under in vivo conditions. Spatially mapped refractive indices

68199 Mannheim, G . .. ! .
annheim, fiermany and scattering coefficients may support tissue characterization for re-

M. Boehlau-Godau search and diagnostic purposes in cosmetics/pharmacy and medicine,
Andersen Wohnpark 8 respectively. The sample arm of our OCT setup has been arranged to
99834 Gerstungen, Germany permit refractive index evaluation with little mechanical adjustment of

a lens within the objective. A simple algorithm has been derived.
Known from atmospheric work, the Klett algorithm [J. D. Klett, ‘Stable
analytical inversion solution for processing LIDAR returns,”” Appl.
Opt. 20(2), 211-220 (1981)] has been applied to the same data set for
retrieval of scattering coefficients. Both parameters have been mea-
sured in layered structures in skin like stratum corneum, epidermis
and dermis. Significant water content in a localized sweat gland duct
has been observed by refractive index evaluation. Time studies over
1.5 h permitted a first understanding about physiological changes in

skin which are not obtainable by intrusive methods. © 2000 Society of
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1 Introduction exploited'?1® Doppler flow evaluation in combination with
imaging becomes increasingly attractive because of the inher-

Optical coherence tomogra CT) becomes rapidly im-
P graptC ) ey ent sensitivity to frequency shifts in the detected OCT signals.

portant in noninvasive medical diagnostics. This fairly new =S ! i
tool generates high resolution images of morphological mi- APPlications in a rodent model have been presented.

crostructures in biological systerhslumerous papers have Important parameters for tissue differentiation are the re-
been published. OCT has been applied to a wide range offractive index and scattering coefficients. Both parameters are

retinal macular diseas&.It has been demonstrated that op- related to each other in a complicated manner. The scattering

tically moderately scattering tissue of the body’s interior such CO€fficient is a consequence of the local refractive index dis-
as the vascular systefrveing and the gastrointestinal trict tribution. Scattering coefficients have been computed based

can be imaged clearly with OCT. Highly scattering tissue like ©0 & model of statistically varying binary index fluctuations
skin has also been imaged extensivély. which are treated as discrete particles with different sizes.

OCT works analogously to an ultrasound B scanner, ex- ~Of homogeneous tissue and certain model parameters aver-
cept that ultrasound pulses are replaced by broadband light 29¢ scattering coefficients have been predicted as function of
The corresponding short coherence length permits spatialVavelength. o _
resolution in depth direction below 16m. The lateral reso- In literature, averaged refractive indicesand scattering
lution is given by the focusing power of the employed objec- Coefficients’ have been measured in skin with OCT, in each
tive as long as single scattering prevails. The onset of multiple CaS€ @ssuming homogeneous condition within the entire re-
scattering limits high resolution to penetration depths not ex- 9ion of interest. The next structural level in skin comprises
ceeding few 10Qum.2'° Depending on the scattering proper- the layers stratum corneum, epidermis and derfifie sub-

ties of tissue and some accepted loss in resolution, penetratiorfl€mis is invisible to OCJ. An even further refinement
depths of 1 mm or more can be achieved. brings up laterally confined structures like sweat gland ducts.

OCT is capable in probing other interesting parameters PU€ t0 t_he_heterogeneous morphology and complicated physi-
besides morphology in tissue. Water absorption has beenCl0gy within the structures, an average parameter refractive
evaluated by tuning the light source to an overtone band atNdex or scattering coefficient within an entire region is an

1.46 um ! Birefringence for the characterization of ordered °versimplification. _ ) )
structures from collagen and elastin fibers has been Averaging over an entire region of interest, however, has
the technical advantage of reducing the variance of the de-
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Fig. 1 Schematic of the sample arm of our OCT (mainly Michelson interferometer) setup. The main components in the sample arm are the moving
fiber tip around position A and the lenses 1/2 within the objective. The position of lens 1 can be slightly altered to adjust for local deviations from
an average refractive index. The other three arms of the interferometer (source, detector and reference arms) are schematically illustrated in the
small box.

tected signals. Interference between backreflected signals The scope of this paper is to perform quantitative and si-
from several points occurs within the coherence length along multaneous measurements of refractive indices and scattering
depth direction. Consequently, partially or even completely coefficients within layered structures of skin and even local
destructive interference signals—called speckles—arise. Un-substructures like sweat gland ducts. The dynamic properties
der the worst-case assumption of completely develqpes of both parameters have been monitored as well. The paper is
larized speckles, the variance of backscattered signals equalsorganized as follows: In Sec. 2, the OCT setup for determin-
the signal itself® Incoherent averaging of signal intensities ing the refractive index is outlined. In Sec. 3.1, a simple for-
over a spatial region is effective in reducing this variance.  mula for the refractive index evaluation has been derived. In
The refractive index as average skin parameter has beenSec. 3.2, a principle known from the atmospheric community

measuredn vitro andin vivo with OCT by Tearney et df is employed to evaluate scattering coefficients in several lay-
Average refractive indices frorm vitro dermis ofn~1.41, ers. The experimental data including the images from the re-
from in vivo stratum corneum oh~1.51 and fromin vivo gions of interest are presented and discussed in Sec. 4. A

epidermis ofn~1.34, have been measured in different set- summary and conclusion follows in Sec. 5.
tings and experiments. The basic approach presented in this
paper was to adjust the reference mirror for maximum signal
at a particular focus position within the sample. The relative 2 OCT Setup
distance of the reference mirror with regard to the sample The basic OCT imaging setup for the simultaneous measure-
position was exploited. This method has the disadvantage thatments of refractive indices and scattering coefficients is
reference mirror and tissue sample have to be moved relativeshown in Figure 1. The heart of the imaging setup consists of
to each other by distances comparable to the penetration deptta Michelson interferometer, employing four optical arms. For
which in turn precludes robust field employment. With a very a more detailed description about setup and functionality of
similar setup, Haruna et &l. very recently determined the OCT, the reader is referred to the literattiréThe sample arm
phase and group refractive indices in samples between glassomprises the major hardware features for refractive index
plates to an accuracy of 0.3%. evaluation. The optical path in the reference arm remains con-
The paper by Tearney et ¥lgave a comprehensive over-  stant, while only the distal tip of a fiber in the sample arm is
view about alternative methods for refractive index evalua- moving.
tion. These methods work only either with thin transparent  Access to all three directions in the sample is achieved by
layers or with homogenized tissue, precluding operation under moving the distal tip of a fiber around position A correspond-
in vivo conditions with highly scattering tissue. ingly. Diverging light emanating from the fiber is relayed
The scattering coefficient as average parameter has beenhrough the objective comprising lens 1/lens 2 and refocused
measuredn vivo by Schmitt, Kndtel, and Bonnet! Average by lens 2(at position G into a point D, E within the sample.
scattering  coefficients of ug~4.7 mm?! and us The scanning stage, where the fiber is attached, is not shown
~1.2 mm ! were obtained from the dermis of a lower arm for simplicity. Optimal depth localization is achieved by
and the stratum corneum of an index finger. Averaging over (nearly coincidence between the positions of the maxima of
several lateral positions was required to yield sufficient stabil- the interference pattern and the spatial focus within the
ity in the data. sample. This condition is depicted in Figur@R The position
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2-In(2)

™ A)\-nmed’
where\ is the employed center wavelengthy is the band-
width of the light source anah,,.q is an assumed homoge-

neous refractive index of the sample medikrEWHM,,; (at
D) determines the spatial resolution as long &

A-FWHM =

)

- A-FWHM, (at E) is comparably large ang) both maxima
AZ e =AZgy  AZ(41=0 approximately coincide. Given the ratios of the focal lengths
5 f,/f, and numerical aperturésA,/NA; in the paraxial re-
z gime (small NA) by
(a)
fi NA,
Nopj= 7~ ’ (2)
Mt NA,
we obtairf!
2 n d')\O
A-FWHMe, = —  —— = ©)
T NA3
AZ pu=A20,=0 Az, Az, An idegllobjective without aberrations has been assumed for
EE— the validity of Eq.(3).
z The lateral resolution is entirely determined by the spatial
(0) focusing power of the objective. Including E@), we obtain
Fig. 2 (a) The positions of the interference pattern maximum (D,D’) the lateral FWHM to b¢
and the spatial focus (E,E’) coincide. Changes in position of the fiber
tip from A to A’ alter the coinciding maxima correspondingly. The 2 N\
refractive index of the medium was assumed to be nyeq=nep; [see Eq. L-FWHMEg,.= P . 4
(2) in text] to keep the position of lens 1 constant (Az;;=0). (b) NA;

Impact of the position of lens 1 on the spatial focus at fixed fiber
position A. To achieve coincidence between the maxima of the spatial
focus and the interference pattern, lens 1 has to be moved (from B’ to

The performance data of our OCT system regarding spatial
resolution and field of view are as follows: a bandwidth of

B) to shift the spatial focus from E’ to E depending on the refractive A\=70 nm and a center Wavelengt_h Xof=1300nm gener-
index of the medium. The position of the maximum of the interference ated anA-FWHM,;=7.4 um according to Eq(1). An aver-
pattern (at D) is unaffected. age refractive index of the sample mediumges= Nop=1.43

has been assumed. The spatial counterpai-BWHM gy
=34 um according to Eq(3) and thus large compared to

D of the interference pattern maximum is given by the match- A-FWHM,. The numerical aperture of the standard fiber
ing condition of the optical paths in the sample and reference €quals the one of lens 1 beigA; =0.13. According to Eq.
arm for a given position A. The position E of the spatial focus (4), the diffraction limited lateral resolution yields
is determined by the transfer function of the objective. Under L-FWHMg,=4.5 um. For a two-dimensional image, the
certain conditions for the focal lengths of the lenses and the field of view covers almost 1 mm in depth and 1.2 mm in one
(average refractive indices of the sample, moving only the lateral direction. To improve signal accuracy by averaging
fiber tip to a new position shifts both maxima in coincidence, during in vivo experiments, eight two-dimensional data sets
implying that the spatial focus is tracked. were acquired along the thifdecond lateraldirection. These

The principle of focus tracking is illustrated in Figuréop three-dimensional data sets were obtained within 5 min each.
The coincidence between the maxima of the interference pat-
tern (D) and spatial focusE) is ensured by moving lens 1 3 Theory
from positionB’ to B (movingE’ to E). For refractive indices  For the subsequent description of the formulas regarding re-
of a sample medium being within the physiological range, a fractive index and scattering coefficients, strictly single scat-
repositioning within a fewum is sufficient to achieve coinci-  tering has been assumed. Even though it is known that mul-
dence(D=E). Please note that all unprimed focus positions tiple scattering arises at depths exceeding few 408 no
indicate coincidence of both maxima, or focus tracking. The attempt for corresponding correction has been made. Absorp-
setup in the sample arm resembles that of Lexer &t it tion and polarization have been neglected throughout the pa-
their paper did not uncover any adjustments necessary to cor-per.
rect for local refractive index fluctuations. . .

The subsequent collection of equations describes resolu-3-1 Refractive Index Evaluation
tion issues regarding the interference pattern and spatial fo-For the refractive index evaluation, the coincidence of the
cus. Spatial resolution in axial direction or full width at half maxima of the interference pattern and spatial focus is of
maximum (A-FWHM) of the interference pattern in depth is importance. At least two points along the depth direction have
given by’ to be probed to evaluate a mean value in between. Subse-
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quently a formula is derived to evaluate the refractive index
from axial position changes of the fiber tip and lens 1 within
the sample arm.

The optical path lengttAz,, in an assumed homogeneous
medium is proportional to the group refractive indeyand
the geometrical path lengthz,, given by the distance from
point D to D’ [see Figure @)]

\

Detector current signal ig (normalized)

07 '\.\
AZp=Ng-AZpy. ®) —— glass-plate i
L . . 06 | —+— epidermis
It is important to note that regarding only the interference —©— dermis
condition, changes around position B of lens 1 do not affect 05 , : ‘ ; ‘
Eg. (5) (in the limit of smallNAs). T 40 -20 0 20 40

For a given position of lens 1B), moving the fiber tip Lens 1 position Az| 1(um)
around A alters the focus position E accordingly. The relative
change due to the fiber tifyzgpe,, the lens 1Az ,, and the Fig. 3 Typical detector-signal curves i, for several positions Az, of
focus Az, lead to the relationship lens 1. The maximum of each curve indicates a coincidence between
Foc the maxima of the spatial focus and the interference pattern. To in-
crease signal accuracy, all values along the lateral direction of the
2 corresponding data sets have been averaged. The slight asymmetry

Nn-.:
AZpiper=AZ 1+ AZpy- Lbjl (6) within the curves may arise due to imperfect objective conditions.

P
wheren, is the phase index of the medium. Given Snell’s law

for refraction of wave fronts, Eq6) is only valid for small vantage of this method is the evaluation of absolute values
NAs. As a reminder, the ratin,,; is calculated according to ~ With inherent insensitivity to light sources intensities.
Eg. (2). The goal was to verify the refractive index of a homoge-

To achieve maximum signal, the maxima of the interfer- Neous water suspension. In Figure 4, spheres wigniin
ence pattern and spatial focus have to coincide. Consequentlydiameter and 0.8% concentration have been imaged with
the conditionA z,,= Az has to be fulfilled. The change of ~OCT. Fairly strong speckle signals appear because no averag-
the fiber position corresponds to a change in optical path- ing has been performed. The displayed field of view is 500
length yielding A Zgjpe—= AZop. Substitution of Eq.(5) into pm in depth and 1.2 mm in lateral direction. The signal de-

Eq. (6) and solving for the refractive index yields cays at about 40pm optical depth(corresponding to a geo-
metrical depth of 40Qum/1.33=300 um) down to the noise

floor. The abscissa axis displays the position change to lens 1.
S _ Nobj To ensure sufficient signal accuracy, an optical depth range of
n=yng-n, . @)
\/1_(AZL1/AZFiber) 300 um was selected and the lateral values were averaged.
According to the fitted slope Az /AZgper~

The mean refractive index is the geometrical average of the _gg um/300 um the refractive index can be calculated to
phase and group index. The difference between both indices is

usually a few perceftand sufficiently small to be ignored for
further treatment, where we simply refer to the refractive in-
dexn (omitting the barin Eq. (7). For a piecewise homoge-
neous medium along the depth direction, the slope
AZ 1 /AZop= A7 1/ AZgipe, has to be evaluated.

In Figure 3 the normalized detector current signal versus
relative change in position of lens 1 is displayed for different
targets. Near zero position, all targets experience a more or
less pronounced maximum, implying that the maxima at the
interference pattern and axial spatial focus coincide. In the
case of a flat glass plate, the signal adjacent to the maximum
drops faster than in the epidermis and dermis. For a qualita-

Optical depth Azopt (= AZFiber) (1mM)

100um
tive explanation, skin can be regarded as a heterogeneous en-
semble of point scatterers. It has been shown that point scat- _40 20 0 20 40
terers generate a shallower focus than perfect flat tatgéts. Lens 1 position Az 1(pm)

deeper the penetration into tissue, the more shallow is the
focus curve. The quality of the shape of the focus curve aris- Fig. 4 OCT image of a water suspension of polymethylenmelanin
ing from the dermis is Compromised due to heterogeneity_ The spheres (D=1 um). The lateral extend is 1.2 mm. The bright horizontal
flatness compared to the epidermis curve might be an indica-ine corresponds to a glass E)l‘ate (plane C'in Figure 1). The wavy focus
tion of the onset of multiple scattering. The sharper the focus €U"e shows the actual position Az, vs optical depth Azqy of lens 1
. - under the condition of coincidence of both maxima [cf. Figure 2(b)].
curve and the better the qua“ty of _the shape around the maxi- 5, signal data along the lateral direction have been averaged. By
mum, the more accurate is the retrieval of paramatgn and fitting the focus curve with the straight slope, a refractive index of n

consequently the evaluation of the refractive indexAn ad- =1.33 was obtained according to Eq. (7).
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Fig. 5 OCT images of (a) the volar side of a lower arm and (b) the palm of a hand. The lateral extent of each image is 1.2 mm. The wavy curves
show the actual positions Az, vs geometrical depths Az, =Az,,/ng of lens T under the condition of coincidence of both maxima [cf. Figure
2(b)]. All signal data along the lateral direction have been averaged. Within the piecewise homogeneous skin layers, the fitted slopes yield the
corresponding refractive indices according to Eq. (7). The assignment of the layers is comprised by the curved nature but it can be approximated
as follows: (a) epidermis (first slope) and upper dermis (second slope); (b) stratum corneum (first slope), granular layer of epidermis (second slope),
basal layer of epidermis (third slope) and upper dermis (fourth slope).

n~1.33 according to Eq(7). This value agrees fairly well i2(2)
with the geometric mean aof, andng (>n,) of water at 1300 o(z)= - d — _
nm. (Zmax) '|d(zmax)+2'fzmaxld(zr)'dzr

The ratio of the focal lengthgcf. Eq. (2)] of both lenses (10)
has been set m(-,bj=.1.43becguse.|t was assumgd to match an The scattering coefficient(z) can be calculated fronz
average refractive indem,,qqin skin tissue. It will be shown =2, Up to the surface= 0. Notice thato(z,,,,) is generally
later than in spite of the heterogeneity of skin such average unkn())(wn and has to be estimated. Botz,,, the integral
value is justified. Only in the particular case wherg.q ex- becomes the dominant part of the denomi;é\tor atm) ap-

thly_moatchemog, :]he position of lens 1 |shunalter(_a(_j,_tht_js proaches exact values even for wrong estimates (@f,a,).
z,,=0. Around this operating position the sensitivity IS Theqretical simulations and evaluation of OCT data showed

highest for changes in refractive index. that overestimation ofr(z,,,,) approaches the results better
. . . than underestimation. Even if(z.,,,) is estimated twice as
3.2 Scatter Coefficient Evaluation big as the real value, the error fof(z) can be neglected 100

For evaluating the scattering coefficient, the original algo- um abovez,,.,, according to measurements in homogeneous
rithm presented by Klett was adapted. This algorithm em- phantoms.

ployed for processing atmosphefight detecting and rang-

ing (LIDAR)] signals is based on assuming purely single

scattering. 4 In vivo Skin Measurements
Assuming the following relationship between the volume Subsequently, evaluated refractive indices and scattering co-
backscatte3(z) and the scattering coefficien{z): efficients are presented after being obtained fiowivo mea-
surements in volunteers. Generally three-dimensional data
B(z)=const- o(2)X, (8) sets were acquired to provide sufficient signal averaging

within a region of interest. In Sec. 4.1, refractive indices and
scattering coefficients from various layers in skin will be pre-
sented. A pronounced local structure is shown in Sec. 4.2 to

Klett presented the following stable analytic soluffon

o(z)= EXp[Z(S(Z)_S(ZmaX))/k] ) demonstrate further confinement capabilities in refractive in-
0(Zmax) 27K [3mexp[(S(z2') — S(Zmax) )/ k] -dz’ dex evaluation. Time dependent studies regarding refractive
9) indices and scattering coefficients conclude Se(Sek. 4.3.

For LIDAR systemsS(z)=In(z2-P(z)) is the logarithmic ~ 4.1 Layered Structures

range-adjusted power whereis the distance between scat- Three-dimensional data sets have been acquired from the
terer and detector arfél(z) the received power. For the OCT  volar side of the arm and the palm of a hand. To reduce the
device S(z) has to be modified t&(z) =In(a(NA) -iﬁ(z)), speckle appearance in all subsequent images to a large extent,
wherei4(z) is the measuretac—) detector current from light ~ images acquired along the third dimensigvith 5 um inter-
captured at a given fiber positianThe functiona(NA) takes plane distancewere averaged to generate smoothed two-
the numerical aperturlA into account. SinceNA is effec- dimensional images, as shown in Figure 5. Signal accuracy
tively changing only slightlya(NA) can be considered con- has priority over compromised spatial resolution. Tgeo-
stant. Given this assumption and settiyg 1, Eq. (9) can be metrica) field of view along the depth is limited to about 600
written as um. The lateral field of view is always 1.2 mm.
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Table 1 The averaged refractive indices of various layers from the band?® Below the layers of the epidermis, the upper part of
;“(“;)ges IShOV‘;” " F'(gj“fres 5(), Vo'i’” side of a 'OWZr anm, af“:] Figure the dermis is visible due to strongly backreflecting signal. The
+ palm of a hand from one volunteer, are condensed with corre- evaluated average refractive indices with corresponding un-
sponding uncertainties. - . -
certainties are condensed in Table 1. The uncertainties are
determined by@) curved and corrugated layefindependent

Refractive Volar side Palm of depth and(b) poor accuracy in the retrieval of the position
indices n of lower arm of hand . .
Az 4 of lens 1 with increasing depth.
In contrast to Figure 4, in Figure 5 the geometrical depths
Stratum corneum 1.47+0.01 of the images are shown. To facilitate computation, the opti-
Epidermis 1.3620.01  1.43+0.02 (Granular layer) cal lengths have been divided by an assumed mean refractive
index according toAz;,=Azy,/Nep. It should be pointed
1.3420.02 (Basal layer) out, however, that the actual geometrical value may differ at
1 0/ —A40, -
Upper dermis 1.43+0.02 1.41+003 various depths by as much as 3%—-4% due to the local refrac

tive index variations.
In Figure 6, the scattering coefficienssalong the depth
obtained from two volunteers are displayed. For the evalua-
Refractive indices and scattering coefficients have been tion of the scattering coefficients according to ELp) certain
evaluated from the images in Figure 5. For visualization re- assumptions have been made as outlined in Sec. 3.2. To im-
garding the refractive index computations, the abscissa of theprove signal-to-noise ratio, values along the lateral direction
images depict the position changes of lens 1. The actual po-have been averaged.
sition Az, ; versus depth of lens 1 is derived from the laterally The scattering curves along the depth are distinctly differ-
averaged signal. Along a quasihomogeneous layer, slopesent for various measured sitéa) At the volar side of a lower
were fitted to the focus curves to obtain the averaged refrac-arm [Figure a)], o drops to small values in the epidermis
tive indices according to Eq7). The increasing uncertainty and rises at the epidermal/dermal border and upper dermis.

with depth arises from perturbed focus curyet Figure 3. Beyond 400um depth,o drops again to fairly constant val-

Thus confident data are, at present, restricted to depths notues. At the palm of the har{dFigure 6b)], the extended stra-

exceeding 40Qum. tum corneum exhibits a smadt. The decline within the stra-
Figure 3a) shows the averaged imagalong the third di- tum corneum could be the result of the assumptionkferl.

mension of a lower arm at the volar side. The uppermost In the granular layes rises significantly. Behind a small drop
layer, the stratum corneum, has a thickness of only 10480 within the basal layerg rises again to fairly constant values
which is too small for a meaningful refractive index evalua- within the dermis depending on the individual skin character-
tion (at least at the present state of our OCT technologle istics. The approximate values were assigned to the same-
next layer is the epidermis at about 10 layer thickness. layers as for Figure 5 and condensed in Table 2. The uncer-
The upper part of the dermis beneath is the deepest layer fromtainties are given by the individual skin characteristics and the
where meaningful refractive index values can be retrieved. assumptions made.

Figure 8b) shows an averaged image of the palm of a hand.  As outlined in Sec. 3.2, the Klett algorithm for evaluation
The upper layer of about 2Q@m thickness corresponds to the of the scattering coefficients requires a start value at the deep-
stratum corneum. The adjacent layer is possibly the granularest end of the data curve. In the initial phase of the retrieval
(and spinous part of the malpighian layer. The basal layer such values have to be guessed. In Figut®,owever, it is
might be assigned to the dark and slightly corrugated curved demonstrated that the curves at the “correct” and twice the

Volar side of lower arm Palm of hand

= 12 o —— . T e e vs—— :\15 r S S P A —— R e o s

f — ] IE | —  volunteer 1, 6(Zma)= 6mm -1, k=1
E 10 —— 33332%22 % 1 S volunteer 1, 6(zmax)= 6mm -1, k=2
= r—— ® volurteer 2, a(zma)= 8mm -1, k=1
= = volunteer 2, 6(Zmax)= 16mm -1, k=1
5 §10
o Qo

8 3

4

2 2°

o 2. [

£ £

0 200 400 600 0 200 400 600 800

Depth Azjnt (pm) Depth Azint (um)
(a) (b)
Fig. 6 From the data set of Figure 5(a) the volar side of a lower arm and (b) the palm of a hand of volunteer 1, the corresponding scattering
coefficients along geometrical depth Az, =Az,,/ny,; have been computed according to Eq. (10). Data from volunteer 2 are shown for compari-

son. As for the refractive index evaluation, all lateral data have been averaged. In (b) the evaluated scattering coefficient curves for different k and
0(Zmay) are depicted (cf. text).
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Table 2 Approximate scattering coefficients of various layers, con- average refractive index rises to 1.43. Still a small amount of

densed from the curves shown in Figure 6(a), volar side of a lower water seems to be contributing to the average value. Given the

arm, and Figure 6(b), palm of a hand. smaller lateral range for averaging, the uncertainty of the fo-
cus curve rises as compared to the one in Figlag 7

Scattering
coefficients Volar side Palm
o (mm™) of lower arm of hand . .
4.3 Time Series
Stratum corneum 1215 Provided that averaging across the entire lateral extent is pos-

sible, we are able to retrieve refractive indice® better than
Epidermis 1.5-2 6-7 (Granular layer) 1% in vivo within a time slice of 5 min at the present stage of
our OCT technology. Due to this fairly high accuracy within a
reasonable time slice, we were encouraged to conduct a series
Upper dermis 8-10 5-8 of data sets to study effects nfover a time span of up to 1.5
h. The same data sets were used to retrieve scattering coeffi-
cientso over time.

In Figure 8 the images from the thumb of a volunteer are
displayed, obtained at time 0 m[fFigure 8a)] and 80 min
[Figure 8b)], respectively. The axes are denoted as in the
previous images. The “perturbing” effects of sweat gland
ducts have been demonstrated in the previous section and ex-
cluded for the refractive index evaluation. The fitted slopes of
the focus curves yielded a decline within the stratum corneum
4.2 Local Structures from n=1.46to n=1.445within 80 min. A possible expla-
Skin layers are generally inhomogeneous in lateral and depthnation is that increasing moisture content from sweat “di-
direction. Local structures like sweat gland ducts and vesselslutes” the average refractive index.
can significantly alter the physical properties within layers. Interesting to note are changes in morphology in the stra-
Subsequently the impact on refractive indices is studied. tum corneum over time. In Figurg@ the original thickness

In Figure 7 the image of the thumb of a volunteer is dis- (0 min) is marked by few white arrows. After 80 min a swell-
played twice pointing to two different processing scenarios. ing can be observed in Figurgl8. The marks indicate an
As for Figure 5, the lateral extent of the images is 1.2 mm and average thickness increase of 30—4f. This fact may sup-
the actual positionaz ; of lens 1 are depicted. Within the port the aforementioned explanation of a volume effect by
stratum corneum, the fitted slope of the focus curve yielded anincreasing moisture content.

4-5 (Basal layer)

correct start value merge within 100—2@@n down from the
deepest measured poiy,, of the tissue. It is possible to get
a good estimate for the scattering coefficient within approxi-
mately the first 50Q.m in skin, which underlines the robust-
ness of the Klett algorithm, even undervivo conditions.

averaged refractive index of=1.46[Figure a)]. The entire In Figure 9, the refractive indices of the epiderrffisgure
lateral direction has been averaged, including the signals from9(a)] and stratum corneurfFigure 9b)] from the thumbs of
the sweat gland ducts. two volunteers are retrieved in 5 min intervals over a time

In Figure db) only the signals from the area around the course of maximal 90 min. As for Figure 8, sweat gland ducts
right sweat gland duct have been averaged. In the upper parthave been excluded from data processing. A consistent de-
of the stratum corneum the duct is fairly well visible. Here a cline over time can be observed for both layers. Occasional
low refractive index of 1.37 has been retrieved, indicating that disruptions in the smoothness of the curves can be explained
sweat comprises a significant amount of water. In deeper ar-by yet insufficient data averaging in very heterogeneous tis-
eas the duct fades from the selectesieragée plane and the sues.

-40 -20 0 » 20 40 -40 -20 0 20 40
Lens 1 position Az 1(um) Lens 1 position Az 1(um)

(a) (b)

Fig. 7 Refractive indices of the stratum corneum, obtained (a) along the entire lateral extend (1.2 mm) and (b) from the laterally confined area
around the right sweat gland duct (about 0.2 mm). The procedure for the refractive index evaluation was described for Figure 5. The sweat gland
duct (b) exhibits a lower refractive index than the average stratum corneum. Due to the reduced lateral averaging capabilities, the uncertainty in the
data is increased.

Journal of Biomedical Optics ¢ January 2000 ¢ Vol. 5 No. 1 89



A. Knuttel and M. Boehlau-Godau

Depth Az|nt (um)

-40 -20 0 20 40 -40 -20 0 20 40
Lens 1 position Az|_1(ium) Lens 1 position Az 1(um)

(a) (b)

Fig. 8 Refractive indices of the stratum corneum of the palm of a hand, obtained (a) at 0 min and (b) after 80 min. The procedure for the refractive
index evaluation was described for Figure 5. After 80 min (b) a measurable decrease in refractive index is observed. In addition the stratum
corneum swells by 30-40 um (see arrows, which are positioned identical in both images). The shaded areas of the images—incorporating a sweat
gland duct—have been excluded in the evaluation due to the findings in Figure 7.

In Figure 10, the scattering coefficients of the epidermis A simple algorithm for refractive index evaluation has
[Figure 1@a)] and stratum corneurtFig. 10b)] were ob- been derived. Within a sufficiently homogeneous field of
tained from the same data sets as for Figure 9. In the stratumview, after lateral averaging the data, only the slope
corneum, the scattering coefficients consistently rise over time Az, , / Azge, has to be measured to retrieve the corresponding
by up to 40%. This effect can possibly be explained by swell- averaged refractive index Known from atmospheric LIDAR
ing of dense and “dried” corneocyt&causing local differ-  experiments, the Klett algorith#hhas been adapted for re-
ences in refractive indices to increase. The drop of the scat-trieval of scattering coefficients. A simple relationship be-
tering coefficients in the epidermis over time by about 5% yeen forward and backward scatterifig=1) in tissue has

could not be explained. been assumed.
Average refractive indices and scattering coefficients have
5 Summary and Conclusion been evaluatedh vivo within layers like stratum corneum,

A setup has been devised in which the spatial focus and the€pidermis and dermigipper part At thicknesses around 100
interference condition coincide at a predetermined average re-#m, refractive indices were obtained with accuracies of better
fractive indexneq of the sample, independently of the posi- than +0.01 close to the surface. The measured values are
tion AZge, Of the fiber tip which causes the depth scanning. consistent with the ones published by Tearney éf al.
Coincidence can be achieved by setting the ratio of the focal ~Local refractive indices of sweat gland ducts have also
lengths of the two lenses within the sample arm objective to been retrieved. Even though the accuracy has been compro-
Nobj= Nmeg- Deviation fromn,,.4 can be tracked by position mised due to a smaller “homogeneous” field of view, clearly
changes\z ; of lens 1 to maximize théaveragegisignal. In an increased water content from sweat could be observed.
the performedn vivo experiments penetrating more than 500 Time series over 1.5 h have been conducted to follow
um, changes by z, ;< =+ 30 um were sufficient to cover the  changes in refractive index and scattering coefficients under
range of physiological refractive indices. stablein vivo conditions. Within the layers epidermis and stra-

Epidermis Stratumn comeum

volunteer 1 volunteer 1
—©— volunteer 2 —©— volunteer 2

_‘
w
o

Refractive index n
w
~
Refractive index n

20 40 60 0 20 40 60 80
Time (min) Time (min)

(a) (b)

Fig. 9 Refractive index measurements over time, within the (a) epidermis of the volar site of a lower arm and (b) stratum corneum of the palm of
a hand. The corresponding original data sets (from volunteer 1) stem from the one for Figure 5.
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Fig. 10 Scatter coefficient measurements over time, within the (a) epidermis of
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—©— volunteer 2

Spatially Confined and Temporally Resolved Refractive Index . . .
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0 20 40 60 80
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(b)

the volar site of a lower arm and (b) stratum corneum of the palm

of a hand. The corresponding original data sets (from volunteer 1) stem from Figure 5 and the processed ones from Figure 6.

tum corneum(at a thumb, the refractive indices decline over
time. In parallel, the scattering coefficients drop in the epider-
mis and rise in the stratum corneum. The behavior in the
stratum corneum can possibly be explained by moisture up- 4
take from sweating.

In strongly heterogeneous tissue the field of view for re-
trieval of homogeneous refractive indices has to be small. 5.
Detrimental is the strong speckle appearance in unaveraged
OCT images. Remedy is extense signal averaging along the
second lateral dimension. Local three-dimensional data sets
with less than 5Qum length per dimension may be realistic to
achieve average refractive indices of accuracies smaller than
0.01.

The Klett algorithm for scattering coefficientshas been
proven very stable to falsely guessed initial start values. A
problem yet is the unknown and locally changing relation
between forward and backward scattering. We verified that
local alteration of the factok from unity renders somer 8.
values more meaningful.

Beyond a high resolution morphology in the OCT images,
tissue characterization by additional local physical parameters
can be desired for the cosmetics and pharmaceutical industry.
Applications of cremes, oils, etc., will likely have an impact 10.
on parameters like refractive index and scattering coefficient,
because the impact of moisture has been demonstrated in thi
study. In particular time studies with the nonintrusive diag-
nostic method OCT may provide, for the first time, the oppor-

9.

tunity to observe subtle changesvivo. 12.
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