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1 Introduction

Optical coherence tomograph¥DCT) has become a well-
established technique for obtaining high-resolution structural
images of biological and other semitransparent tissues. The
introduction of extremely broadband, highly coherent
source$? and the development of full-field OCT instruments
using affordable white light sourcésnables the imaging
resolution to approach that of histology. This increases the
value of OCT as a diagnostic tool and has brought OCT closer
to the goal of performing noninvasive optical biopsies.

OCT has recently been expanded to different functional
imaging modalities such as Doppler OCT, where velocity in a
fluid flow can be determined with high spatial resolutfon,
polarization sensitive OCT for, e.g., imaging of sample
birefringence’, molecular imaging;’ and spectroscopic!

OCT.

Several authors have addressed the challenge of extractin
quantitative information on optical properties from scattering
samples using low-coherence reflectométr€R) and OCT.

In 1993 Schmitt et at? studied the relationship between op-
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tical properties of a homogeneous scattering sample and the
signal measured by LCR. Publications by Pan et*s¢hmitt
| and Kriittel,** and Thurber et af> give comprehensive mod-
els of the LCR signal detected from a scattering sample. In a
recent publication, Kholodnykh et #.studied how speckle
averaging improves the precision of the estimated attenuation
coefficient of tissue.

Using one wavelength channel it is possible to obtain in-
formation about only the attenuation in the sample, i.e., the
sum of absorption and scattering. Spectroscopic OCT, using
two or more wavelengths, enables separation of scattering
from absorption, making it possible to monitor the concentra-
tion of an absorbing analyte in a scattering saniple°This
requires knowledge of the difference in absorption of the
sample at the probing wavelengths. An application of concen-
tration imaging could be monitoring the diffusion of a topi-
cally applied sensitizer prior to light exposure in photody-
%hamic therap$ (PDT).

It is well known that OCT images, like all other images
obtained using coherent light, contain speckle noise. A study
of image formation in OCT shows that speckle is both the

information carrier and a source of noise degrading image
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quality. Much work has concentrated on suppressing speckleunder study is the only absorbing component in the sample.
noise in OCT images and thereby increasing image SNR. Ex- When measuring the concentration of a dye in live tissue,
cellent reviews of the origin of speckle noise and different these assumptions will no longer necessarily be valid, thus
approaches to speckle noise reduction are given in articles bycomplicating the analysis. For live tissue, other chromophores
Schmitt et al?! Fercher et al?? and Pircher et &° Less work (e.g., hemoglobin and melanimay contribute to the absorp-
has been done related to the effect and suppression of speckl¢ion, and the wavelength dependence of the scattering will
noise in imaging of optical properties. Care must be taken to probably not be as simple as assumed in . In spite of
ensure that the speckle reduction method does not adverselythese challenges, we expect that as long as a known relation-
affect quantitative estimation of the optical properfie¥ ship exists between the scattering and the dye concentration, it

In this paper, functional imaging of the concentration of an will be possible to find an expression for the dye concentra-
analyte in scattering tissue phantoms is obtained through spa-ion based on measurements of the attenuation coefficient at
tially resolved measurements of optical properties of the two wavelengths. Note that in the caseeqfy =Fea ), ie.,

phantom by means of spectroscopic OCT. Spatial averaging isthe ratio between the absorption coefficients at the two prob-
used to improve accuracy in the estimated optical propertiesing wavelengths equals the ratio between the scattering coef-
at the expense of spatial resolution. We present a quantitativeficients, it is not possible to separate scattering from absorp-
analysis of the limitations on axial and transversal resolution tion and thus determin€ dye-
in the images due to speckle noise and discuss the practical
consequences of these limitations for the usefulness of such . )

2.2 Model of the OCT Signal Received from a

functional imaging.
ging Scattering and Absorbing Sample

Considering a scattering and absorbing sample in a low-

2 Theory coherent interferometer, we now develop expressions for the
2.1 Sample Optical Properties OCT signal enabling estimation of the depth-resolved attenu-
ation coefficient of the sample. Based on these expressions we
discuss speckle statistics and speckle correlations of the OCT
signal.
_ We assume that the interferometer is illuminated by a low-

(1) = pan (1) + (1), @ coherent source having a normalized spectral distribution
where u,) (1) and ug (r) are the absorption and scattering S(k), wherek=2#/\ is the wave number of the radiation at
coefficients of the medium, respectively, generally functions vacuum wavelengti. For a source of total intensitly; the
of wavelength and position. It was previously shown that intensity at wave numbek is | (k) =1S(k) =|E(k)|?, where
can be extracted from OCT measurements as long as the lightE(k) is the field. The intensities incident on the sample and
contributing to the OCT signal is dominated by single- reference arms are denotégi=|Eos|?> and lq,=|Eq,|?, re-
backscattered photoA$!®24 spectively, and the field returning from the reference arm, at

Consider a scattering sample containing an absorbing dyewave numbek, is

having concentratio€ ., €.9., tissue with an applied photo-
sensitizer. As long as the dye is the only absorbing component E;(z ,k)=Eq (k)exp(i2kz), (5)

in the sample, the relationship between dye concentration and . .
; . . . whenz, is the reference arm optical path length. For a refer-
sample absorption coefficientu,, is given by the

wavelenath-dependent extinction coefficient. as ence arm having a reflecting mirror in air, the reference arm
9 P el optical path length is directly given by the position of the

mirror along the optical axis.

Attenuation of light propagating in an absorbing and scatter-
ing medium is governed by the total attenuation coefficient

Ma

€ar= . ) The light incident onto the sample is focused at a con-

" Caye trolled depth, ensuring that the optical path length in the

Assuming that the scattering coefficients at two wavelengths S2mple arm, to the focus position, equals the optical path

\, and\,, are proportional, and that the paramefeis given length of the reference arm. The transversal position in the
by sample(position in thexy plane is denoted',, and the total

field, at wave numbek, backscattered from the sample can be
w expressed as
S\

s\, ’

the dye concentration can be expressed in terms of the attenu-
ation coefficients at the two wavelengths as

(3
E(r.z ,k>=EoS<k>f dZstx dr{I(re—r{ 2,2

X O(ry ,zs)exp(i2kzs), (6)
Mt,)\l(r)_ﬂt,)\z(r)F wherezg is the optical path length in the sample arm corre-
Codl)=— . F (4) sponding to geometrical sample depthdr; represents the
aky Tary differential surface element for integration over the whoje
The simple form of Eq(4) is due to the assumption thiatand plane(S,,), andJ(r;,z,) is a focus function describing the

s are independent of the dye concentration, i.e., the presencephase and amplitude of light backscattered from position
of the dye does not change the scattering properties of the(r;,z;) compared to backscattering from positih0). The
sample. The equation is also limited to the case where the dyefocus function depends on the beam amplitude and phase pro-
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file and the focusing optics, and is generally a function of the direction. The effect of dispersion which may degrade
source center wavelength. The object functfr,,zs), de- resolution for broadband sourc®<® is not included in this
scribes the backscattering and attenuation properties withinanalysis.
the sample. The origin of scattering is fluctuations in the If the source spectrum is symmetrical about its center fre-
sample refractive index. In this paper, we do not model the quency, the coherence function in H§) is a complex func-
refractive index fluctuations, but use a simplified scattering tion whose amplitude is given by the form of the source spec-
model where scattering is represented by discrete point scat-trum, and phase is given by the source center wavelength. For
terers distributed randomly throughout the sample. Thuis, a scattering sample, the interferogram will be a sum of con-
a random function of the sample coordinates. The sample hastributions with randomly distributed phases. Comparing this
an average refractive index affecting the phase of the radiationto established speckle theory we see that the interferogram is
propagating through the sample and thus determining the re-a speckle signal with Gaussian statistics, analogous to the
lation between the optical and geometrical sample depth. field in coherent speckle formatidhThe axial and transver-
The field from the sample arm interferes with the field sal correlation lengths in the speckle fidltie speckle size
from the reference arm and the intensity of the combined will be given by the axial and transversal resolutigrandl, ,

fields at wave numbek is given by | g(k)=|E{K)+E(K)|>. since these parameters determine the size of the sample prob-
The total detected intensity is found by integratlg(k) over ing volume. Moving the probing volume a distarigeaxially

all k and will be a function of reference arm optical path or |, transversally between two measurements will result in
lengthz, and transversal probing-light positiop: measurements containing statistically independent speckle
since they represent reflections from essentially independent

lgedMe.20) =1, +14(r¢,zp) sets of scatterers.

. Recording the interferogram as a function of the optical
* / , path length of the reference arm represents imaging as a func-

2 R% For OSdezSJSXydrt ol 29 tion of the optical depth of the sample. In the case of a known

and relatively simple refractive index distribution, the geo-

/ metrical depth can be calculated from the optical depth; e.g.,
XM=z 2z 2(z ZS)]] ' @ in the caserz)f a sample with a constant, aveFrJage grogp refrgc-
tive index ny, the geometrical sample depth is=z:/ng,
wherezg is optical sample depth.

In a scattering and absorbing sample, a first-order object
function can be expressed as a function of geometrical posi-
tions in the sample:

In Eq. (7) we have used the definition of the normalized,
complex coherence function of the source given z)
= [odkS(k)exp(—ikz). The last term in Eq(7) is the inter-
ference part of the detector intensity, and is dendtgd We
see that;, is two times the real part of a convolution in both
r. andz, , between the object function and the product of the
focus function and the coherence function. Lettingrepre-

z]
sent the convolution operation, we write O(ry,z)=r,(ry ,z)ex;{ —ZJ Eﬂt,x(rt ,z')dz’
0

. (9

l int(rt vzr) = 2(' OrI 05)1/2 Re{O(rt ’Zr)®[‘](rt -Zr) Y(ZZr)]}
_ U2 wherer, (r,z) is the complex random field reflectivity of the
=2(lorlos) Rec(ry,2,)]- (8) sample, while the exponential factor describes the two-way
Equations(7) and (8) show that the complex interferogram  attenuation in the sample according to the Beer-Lambert law.
I.(ry,z), at transversal position, and reference mirror posi-  The factor 2 is due to the field propagating to deptand
tion z,, is the sum of complex coherence functions centered back to the sample surface, and the field attenuation coeffi-
at the scattering positions in the sample. The amplitudes andcient is half the intensity attenuation coefficigmt. In these
phases of the coherence functions are modified by the focusand the following expressions, the subscriptdenotes the
function centered at optical dep#h and transversal position ~ center wavelength of the probing light.

ry in the sample. The interferogram will thus have contribu-  In OCT, it is common to record the envelopg(r,,z) of
tions from a probing volumévoxe) in the sample limited  the interferogram. While the interferogram of E@) has
transversally by the focal width . Axially, the voxel will be Gaussian statistics, the envelope of the interferogram is a

limited by the shortest of the depth of focdsand the coher-  Rayleigh-distributed random functidf***From Eq.(8) we
ence lengtH . of the source. For a Gaussian beam, the focal see that if the exponential factor in the object function of Eq.
width and depth of focus are related to the wavelength and the (9) is slowly decaying compared to the axial speckle size, the
1/e? beam divergence angle in the samplg through the envelope of the interferogram averaged over the speckle cor-

relations | = (2\)/(76,) and d¢=(2\)/(w63). One com- _relation length, given by _the cohe_rence length in the sample,
mon definition of the coherence length is the full width at half is the envelope of the object function averaged over the same
maximum (FWHM) of the coherence function given By, length. The ensemble average,(r.,z)) of the envelope is

=(2In2/m)\ZAN, whereho and AN are the center wave-  thus

length and the FWHM of the source spectrum in vacuum,

respectively. In a sample of group refractive indey, the ,

coherence length |BC:IC,U/_ng. For sources and numerlcal_ (Ax(rt,Z)>=GA<|r)\(rt,z)|>exr{—f po(re,2')dz!
apertures commonly used in OCT, the coherence length will 0

be the limiting factor and determine the resolution in the axial (10
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whereG, is proportional to the intensity of the light incident R d
in the interferometer, the envelope of the coherence function, m(x,zzm)=— = [INPp,(x,2)], (19
and gain factors in the detection system.
When recording 2-D cross-sectional OCT images we use
the average envelope af transversally displaced A scans as where the hat over the attenuation coefficient indicates the
image functionP,,. In this paper, we do not record 3-D data estimate. We return to the field-reflectivity term in the discus-
and will in the following denote the transversal directionxas ~ sion of experimental results.
for simplicity. The image function is defined as Due to the nonlinear relationship between the image func-
tion and the estimator for the attenuation coefficient, we used
1 m simulations to study the statistical properties of the estimator.
Pma(X,2)= —2 A\ (Xi,2), (12 For the simulation, we create statistically independent data
mi=1 sets representing the OCT envelope by drawing from a Ray-
leigh distribution. The simulations show that when the image
function P, is an average ofn statistically independent
realizations of the OCT envelope, the mean value of the loga-

wherex is the average of the s¢k;}. The transversal dis-
placement for each A scan is denote®d=|x;—X; _4|. While,
for an envelope dominated by a speckle sigRaljs Rayleigh ) . o .
distributed,P,~ ; will have a gamma distribution, and in the rithm OT the 'r.“a%’e function igIn Pr)=In(A) =Ky /m, wh|]e
limit of large m become Gaussian distribut&tf’” Since the the variance isoj, p, =Kp/m The constant&, andK in
image function is a linear function of the OCT envelope, itis these empiric relations were found to Kg@=0.167andK,
straightforward to find the statistical properties of the image =0.41.We see that while the mean valuelofP,, depends on
function from the statistical properties of the OCT envelope. the average OCT envelope, the variance is independent of the
For allm, the ensemble average of the image function is equal average OCT envelope. When the envelope mean value has
to the ensemble average of the envelope given in (EQ), the form of Eq.(10), the estimator of Eq(15) is an unbiased
while its variance is reduced by for statistically uncorre- estimator for the attenuation coefficient since the last term in
lated A scans, obtained whex is larger than the transversal ~ the empiric expression fafin Py is constant with respect to
correlation lengthl,. Since P, is Rayleigh distributed with ~ sample depth, and thus vanishes in the differentiation.
mean valugA), its variance is given by To obtain an accurate spatially resolved estimate of the
sample optical properties, averaging is necessary. Due to the
4 nonlinearity in the estimator introduced by the logarithm, we
0',23 =(——l)(A)2. (12 choose to carry out the averaging prior to taking the logari-
tam thim. We thus convolve the image function with filter func-
tions h,(z) andh,(x) in the axial and transversal directions,
respectively. Transversally this averaging is equivalent to the
averaging inherent in the definition of the image function for
m>1. Depending on the transversal sampling rate of the re-
We now develop equations used for estimating the attenuationcorded data and the width of the transversal filter function it
coefficient and thus the dye concentration of a scattering andmight be useful to combine a reduction of the data set using
absorbing sample based on measurements of the depthan image function havingn>1 with transversal averaging
resolved envelope at two probing wavelengths. The variance through convolution. In the case of a constant or slowly vary-
in the estimated dye concentration is dominated by speckleing field reflectivity, a speckle-averaged estimate of the spa-
noise, and we derive equations describing how spatial averag-tially resolved attenuation coefficient is thus given by
ing improves precision in the estimated attenuation coeffi-
cients and dye concentration.
Taking the natural logarithm of Eq10) and differentiat- R d
ing, we obtain mea(XZLz L) = — I[P, (X, 2)@h(X) ®hy(2)]

f ax’ f dz'
when we assume th&, is independent of depth. The scat- ., , ,
tering coefficient of a sample is related to its field reflectivity XPma(X',2")hi(x=x")h,(z—2")
through the relatiof?

2.3 Estimating Optical Properties and Dye
Concentration

d d d
HNA2)= SN aD] - ma(2) 13 =—g"

d
psa(X%,2){|r\(X,2)]%). (14) :_EM[PMN,)\(X,Z)], (16)

We see that wheps , (x,z) and thus(|r,(x,z)|) is constant

or slowly changing as a function of depth, the first term on the whereP,\ , represents an image function averaged dver
right side of Eq.(13) can be neglected, and we are left with and N statistically independent speckle realizations in the
the depth-resolved attenuation coefficient of the sample. Sub-transversal and axial directions, respectively. The transversal
stituting the average envelope with the image function we and axial filter functions have characteristic lengthsand
thus get an estimate for the spatially resolved total attenuationL ,, respectively(typically full width at half maximum of the
coefficient filter functiong. Thus,M andN can be approximated by
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L. PPy (A2)=[Na(A2)®ha(A2)]®[h,(A2) ®,(A2)]
max(|l; ,Ax)
A 2
(17 =ex —4In2—Z
2124212
L,
NWI_ AZZ
c wex% —41In 22—), (21)

Essential to measurements of sample optical properties is the
precision by which these properties can be determtfidtle
therefore developed an expression for the variam%pin the
estimated attenuation coefficient of E46). Using the chain
rule for differentiation together with the definition of the dif-
ferential operator, the estimator can be expressed

where the approximation is valid fdr,>1.. Inserting the
expression for the speckle contrast into [.—21)) together with

a series expansion iz of the approximate@ from Eq.(21)
leads to the following expression for the variance of the
attenuation-coefficient estimator:

Il Il

A 1 dPMN,}\(X,Z) O'At 41n 2(——1 L L = tL3L , (22)
Iut,)\(xvvaZ!Lt)_ PMN’)\(X,Z) dZ . t z-t .

where all parameters in the last term are geometrical lengths

~_ lim Pumnx,z+a2)~ Puna(X,2) in the sample. As expected, the_expressio_n shovv_s that th_er_e is
Azs0 AzZPynA(X,2) ' a trade-off of transversal and axial resolution against precision
in the determined optical properties. More interessting is the
(18 important result that according to E€22), the reduction in

speckle noise is more efficient when averaging axially than
From this expression, the variance of the estimator can betransversally. The origin of this asymmetry is the differentia-
found: tion in the axial direction, which amplifies high-frequency
spatial noise, thus yielding a more efficient averaging in the
axial direction than in the transversal direction when using the
same filter length.
gAt <Mt> <Mt>2~ lim Using two probing wavelengths, the attenuation coeffi-
Az—-0 AZX(Pyna(X,2))? cients estimated using E(L6) can now be used in E@4) to
obtain an unbiased estimator for the dye concentration,

([ PMNA(xz+a2)— PMN,)\(XrZ)]2>

/N2
{mo)”. (19 CaydX,z;L;,Ly), in a scattering sample containing an absorb-

ing dye:

Expressing the averaged image function as a sum of its mean

value and a varying par®®yn.,=(Pun) T APyn,, and MM (x,z;L,,L)— Fﬂt}\ (X,Z; LzaLt)

using the fact that the mean value of the image function Cd X,z L, L) =

equals the mean value of the OCT envelope given in(Eg), €an, Feq, Ay

we obtain the following expression: (23
The variance of the estimated dye concentrat'ninis given

1-pap. . (AZ) as a function of the variances of the estimated attenuation
2 o2 im—— MNA coefficients:
o= CPMN lim > , (20
*az—0 Az

5 0'%‘{,)\1+F20'%[t,)\2
where Cp = Car/VMN=[(4/m—1)/MN]¥? is the U&:(_—F)z. (24)
speckle contrast of the averaged image function, and €an, ™ " Can,
pApMNA(Az) PPy x(Az) is the autocorrelation of the aver-

aged image function in the axial direction. According to signal 3 Materials and Methods
processmg theory? ppMM(Az) is found by convolving 3.1

,(A2), the correlation function foP, \ (x,2) in the axial

Tissue Phantoms
As a simple tissue phantom we use 1.5% Agar gel in Aqua

dlrectlon with the autocorrelation of the filter functity. It gest, with the addition of IntralipidiL) to introduce scatter-
can be shown that as long as tié\ scans averaged to obtain  ing. We created samples having 2-D scattering properties by
the image function are statistically independens, (Az) molding layered samples where the layers have a spatially

=pa(AZz), wherep,(Az) is the autocorrelation of the OCT  varying thickness and different IL concentration. As the ana-
envelope given by the autocorrelation of the envelope impulse lyte, we used aluminum phthalocyanine tetrasulfonate chlo-
responséha(z) =|y(2z)|. For sources having a Gaussian co- ride (AIPcS834, Porphyrin Products, Inca PDT-related dye
herence function and using a Gaussian filter function with one dominating absorption peak centered at 675 nm. The
h,(Az)=exd—4In Z(AZZ/Li)], in Eq. (16) we obtain refractive index of the gel phantomsris=1.34.
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Fig. 1 Wavelength-multiplexed OCT system.

3.2 Experimental Setup

Figure 1 shows a simplified schematic of the wavelength-
multiplexed OCT system used for acquiring OCT images. The
sources are two pigtailed superluminescent diof®isDs)

from Superlum Diodes. According to data from the manufac-

Table 1 Optical properties of 1.5% Agar gel and aluminim phthalo-
cyanine dye.

Definition Value
F 675/ Bt,809 1.5+0.05
€4,675 Ha,675/ Caye 44% ml/mg mm
€4,809 #a,809/ Caye <10 3¢475

@ Typical value. Accurate value determined for each individual stock solution of
dye.

ing wavelengths, resulting in a degrading of the transversal
resolution at one or both wavelengths, depending on the over-
lap between the focus and the coherence area. Through ex-
periments, we have found that a transversal displacement of
10 um is sufficient for the speckle signal in two adjacent A
scans to be decorrelated at both wavelengths.

4 Experimental Results

Experiments were performed on several sample objects of
Agar gel prepared with different concentrations of IL and
phthalocyanine dye. Homogenous samples with constant dye
and IL concentrations, and one-dimensioiaiD) samples
with IL concentration varying only in the direction were
used to investigate the influence of transversal and axial
speckle averaging on the precision and resolution in estimat-
ing the depth-resolved optical properties. These measurements

turer, they have center Wave|engths of 675 and 809 nm, andwere also used to Study the relation between field reﬂectiVity
spectral FWHMs of 10 and 18 nm, respectively. We measured and scattering coefficient. Two-dimensional cross-sectional

the coherence lengths to bg,=18.1um for the 675-nm
source and. ,=14.2um for the 809-nm source. These co-

images of three-dimension&B-D) samples with IL concen-
tration varying both in depth and in the plane normal to the

herence lengths correspond to spectral FWHM of 11 and 20 ©ptical axis of the probing light were also recorded. Func-

Gaussian spectra. In a sample of group refractive inggx
the coherence length is reducedlte=1.,/ng. Light from
the two sources is multiplexed in a2 integrated fiber cou-
pler and collimated before it is launched into the bulk Mich-
elson interferometer. The interferometer is shot-noise limited
and has a dynamic range of 90 dB.

We used focus trackiig to ensure that the focus of the

probing beam overlaps with the coherence volume of the in-

found from the structural OCT images recorded at two wave-
lengths. Results are presented in the following sections.

4.1 Determining Tissue-Phantom Parameters

To determine the dye concentration from the OCT images
using Eq.(4), initial measurements were performed to find the
necessary parameters for the phantoms. A commercial absorp-

terferometer. The focusing lens was scanned along with thetion spectrometefAgilent 8452 UV-visible spectrophotom-

reference mirror using lens veIocitM:vr/n;, wherev, is
the velocity of the reference mirror. For all the experiments
presented, the reference-mirror scanning velocity was
=1 mml/s.

The light was focused into the sample by a focusing lens
(Melles Griot 06GLCO00B having focal lengthf =14.5 mm.
An identical lens is used in front of the reference mirror in
order to match dispersion in the two interferometer arms.

ete was used to determine the extinction coefficient of the
dye at the two probing wavelengths. Measurements on Agar
samples without dye, using the OCT setup, determined an
empirical value forF for several IL concentrations. For this
purpose, the scattering coefficient was determined, for both
wavelengths, by linear regression on the logarithm of the
OCT envelope, transversally averaged over a large area of the
sample, and Eq.3) was employed. For all IL concentrations

Transversal resolution and thus speckle size was determinedused in the current experiments, the same valud-fawithin
by the spot size of the focused probing beam, as described inthe measurement uncertainty, was found. Experimentally de-

Sec. 2.2. Thd/e? beam diameter was around 5 mm, yielding
a theoretical transversal resolution of approximately
~2.5um. According to the lens manufacturer, the focusing
lens has a focal shift of about 1Qdm between the two prob-

Journal of Biomedical Optics

024037-6

termined values foF and €, , are summarized in Table 1.
Note that the dye extinction coefficient was found to be more
that three orders of magnitude larger at 675 than at 809 nm. In
the further calculations, we therefore usgsog=0.
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Fig. 2 (a) Logarithm of the transversally speckle-averaged OCT image function P, 4,5 for a sample of Agar gel containing 0.15% IL and (b)
estimated depth-resolved attenuation coefficient u,(z;L,) calculated from (a) using Eq. (16). Solid lines represent m=60 and L,=0.30 mm, while
dotted lines represent m=30 and L,=0.15 mm. Data between the two vertical lines are not influenced by edge effects.

4.2 Speckle Noise in Estimation of the Attenuation tour plot of o;,; determined experimentally from measure-
Coefticient and Dye Concentration ments on an Agar sample containing 0.15% IL using the

To get a qualitative impression of the effect of transversal and SOUrce at 675 nm. The two crosses indicate the parameters

axial speckle averaging on the estimated attenuation coeffi-US€d in Fig. 2v). To compare the experimental results with

cient, we analyzed OCT images recorded from a homogenousthe theoretical predictions, we plotted the theoretical expres-
' sion from Eq.(22) along with the experimental results. To

Agar sample containing 0.15% IL. Figurga? shows the ) SAPE >
logarithm of the image function recorded at 675 nm. The Agar ©btain the good agreement shown in Fig. 3, the constaim

samples were covered with a microscope glass slide, and the=d- (22 was multiplied by a factor 1.6. Thus, the deviation
dip in the signal right below the glass-Agar reflection is due to Petween the theoretical predicted and experimentally deter-
a thin layer of water between the glass and the gel. To obtain mined values for the variance in the estimated attenuation
an estimate of the depth-resolved attenuation coefficient we
used Eq.(16). The image function was filtered in the axial
direction by convolution with a filter function while no further
filtering was done transversally. The axial filter function was 0.45F - o j ;
chosen to be a Gaussian function truncated+&o. The 2% X ‘ :
Gaussian is a common filter function due to its lack of side- 0.4}
lobes in both position and spatial frequency. Truncating it :
introduces some sidelobes in the spatial-frequency plane, but
provides strict control over which parts of the filtered data are 0.3
affected by edge effects. As characteristic length of the filter &
function L, we used the full width at half maximum. Figure & :
2(b) shows the resulting depth-resolved attenuation coefficient 3 g o[i
for m=60 and L,=0.30 mm(solid line) andm=30 andL, AN
=0.15 mm(dotted ling obtained from the data to the right of 015
the vertical dashed line in Fig.(®. As expected from Eq. 0.1
(22) we see that increasing), andL, greatly improves the
precision in the estimated attenuation coefficient. Note that as  0-05 :
long as the backscattered signal is well above the noise level 0 ; i
of the system, speckle noise will be the dominating source of 0 50 100 150 200
noise in the image function. The noise sources defining the m
noise level of the system will thus not influence the analysis Fig. 3 Contour plot of the experimentally determined standard devia-
of the variance in the estimated attenuation coefficient. tion o, mm~" of the estimated, depth-resolved, attenuation coeffi-
To quantify the effect of transversal and axial speckle av- cientas a function of the number of averaged independent A scans, m,
eraging on the precision in the estimated attenuation coeffi- and the FWHM of the axial filter function LZO. Measurements‘were
cient i, the standard deviation of the estimated depth- pe:(;”?nenfﬂ” ?r?]é%jvrosirr‘;‘:l‘;h?r:’(;'i"cgatceﬂ;g'; “Z é"kl'é_’acvfrfsﬁond;?i;?
resolved attenuation CoefﬁCiemﬁt was f?“”q eXperim_enta"y gt:—:‘rs used in.Fig. 2(b). The dotted lines are (?ontours foungd Es'iong the
for several values aihandL, . As the axial filter function we theoretical expression in Eq. (22) with the constant K, multiplied by a
used a Gaussian function. The solid lines in Fig. 3 are a con- factor 1.6.

0.35[
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coefficient was 26%. For the 809-nm source, the deviation -30 " "
was found to be 14%.

Next we estimated the depth-resolved attenuation coeffi- -40t
cient at both probing wavelengths, and an estimate for the
sample dye concentration was found using @8). Measure- 50}
ments were performed on homogenous Agar samples contain- __ 4
ing both IL and dye. We prepared samples having three dif- 8 _gol l,’:
ferent nominal dye concentratiorSg,.=0.000 mg/ml,0.030 < N
mg/ml, and 0.045 mg/ml, all having the same concentration of & _sol !
IL, C;.=0.15%. Figure 4a) shows the average of the OCT & | :
envelope ofm=200transversally displaced and uncorrelated sol :
A scans recorded at 675 and 809 nm for Agar gel having I :
Caye=0.030 mg/ml.The plots clearly show the difference in J J !
attenuation at the two wavelengths resulting in a steeper slope ! (a)
for the envelope recorded at 675 riblack line than at 809 3o ! ) ) , )
nm (gray line. 0.2 0.4 0.6 0.8

The depth-resolved attenuation coefficient of the samples : Zl[mm] , ,
was determined using E¢L6) for both wavelengths. Results w
for the 0.030-mg/ml sample are shown in Figby¥ Again we S
used a truncated Gaussian function having an FWHML of o5l MWW f
=0.25 mmas an axial filter function. The solid, vertical lines
delimit the interval unaffected by edge effects in the filtering. 2t
Only the data to the right of the vertical dashed line in Fig. .— [
4(a) were used for estimating the attenuation coefficients. E 1.5¢

Using Eq.(23), an estimate of the depth-resolved dye con- ' it
centration was obtained based on the two depth-resolved at- & Mo Il
tenuation coefficient estimates. Estimated concentrations are 0.5+
plotted in Fig. 4c) for typical measurements on Agar samples
prepared using all three dye concentrations. The dotted hori- or
zontal lines show the nominal dye concentration determined I (b)
from the amount of dye added to the samples during prepara- =98 |
tion. We see that in the interval where results are unaffected 02 0.4 06 08
by edge effects, there is good agreement between the nominal z [mm]
and estimated dye concentration, with root mean sqlrers 0.08
deviations within the interval 0.0033 to 0.0040 mg/ml for the 057
three samples. As expected from Sec. 2.3, the standard devia- '
tion of the estimated dye concentration is independent of the 0.06
value of the dye concentration with an average standard de- 0.05
viation for the three samples beingr¢)=0.0028 mg/ml, _
within the interval unaffected by edge effects. This is in good & 004
agreement with the theoretical valuez=0.0022 mg/ml g 0.03l%
found from Eq.(24) using the current speckle-averaging and &
source parameters. The deviation between the experimentalO 002
and theoretical value probably originates from the deviation 0.01f
found in the analysis of Fig. 3. 0

. . - . -0.01
4.3 Spatial Resolution in Determining the Optical
Properties -0.02 02 0.4 06
z [mm]

To study the effect of sample inhomogeneities on the estima-
tion of optical properties, we prepared two-layered Agar
samples having different IL concentrations but the same dye

Fig. 4 Experimental results from three homogeneous Agar samples, all
with 0.15% IL but different dye concentrations: (a) logarithm of the

concentration in the two layers. Figuréabshows the tran.s- image function P, , from a sample having a nominal dye concentra-
versally averaged OCT envelope from a sample having a jon Caye=0.030 mg/ml, the black and gray lines represent data re-
1-mm layer whereC, =0.05% on top of a layer where

Cy,=0.15%. The dye concentration in both layers Gye

=0.030 mg/ml.Note that there is a step in the level of the . ) i,

. . tion Cyy.(2) calculated from the data in (b) using Eq. (4). In addition to
baCkscattered signal at the mterface between the two Ia'yersthe results from (b), the panel shows results from samples with nomi-
due to the increased backscattering, and that the slope of the,a| dye concentrations Caye=0.045 mg/ml and Cygyo=0 mg/ml. The
averaged envelope is steeper in the second than in the firskolid vertical lines in (b) and (c) indicate the area where estimated
layer. When differentiating a signal such as this, the difference parameters are unaffected by edge effects.

corded at 675 and 809 nm, respectively, using m=200; (b) depth-
resolved attenuation coefficient i1,(z,L,) estimated from the data in (a)
using L,=0.25 mm; and (c) estimated depth-resolved dye concentra-
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-0.02— : :
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Fig. 5 Results from a two-layered Agar sample having Cy =0.05%
(top layer) and Cy,=0.15% (bottom layer). The interface between the
two layers is at z=1 mm. Both layers have nominal dye concentra-
tion Cgye=0.030 mg/ml: (a) logarithm of the image function P,, , for
m=250 recorded at 675 nm (black line) and 809 nm (gray line); (b)
estimated depth-resolved attenuation coefficient w(z,m,L,), esti-
mated from the data in (a) using L,=0.25mm; and (c) estimated
depth-resolved dye concentration (:‘dye(z), calculated from the data in
(b) using Eq. (23). The solid gray line shows a model of the estimated
dye concentration.

in signal slope in the two layers will appear as a step function
in the differentiated signal, while the step in signal level gives
rise to a delta function at the interface. Using Ef§f), we
obtained an estimate of the depth-resolved attenuation coeffi-
cient, as plotted in Fig. (6). We see the step in attenuation
coefficient as we pass from the first to the second layer, and
an artifact created by the convolution of the filter function
with the delta function in the differentiated envelope. The
width of the artifact is equal to the width of the filter function
and thus illustrates the spatial resolution in the estimate of the
attenuation coefficient. Using E3), we find an estimate for
the depth-resolved dye concentration in the layered sample.
The result is plotted in Fig. (6). There is good agreement
between the nominal and estimated dye concentrations for

N

Fig. 6 Schematic illustration of the layered Agar sample. Different
concentrations of IL in the G and Cy, layers result in a sample with
3-D varying scattering properties. The dye concentration Cy. is the
same in both layers. The 2-D image area for the structural and func-
tional OCT images is indicated.

step artifact can be eliminated by adjusting the signal level at
each side of the boundary to remove the step in signal level.
For more complicated samples, this will not be possible and
artifacts like this represent a limitation on the spatial resolu-
tion of the method.

4.4 Functional OCT Images of Dye Concentration

The preceding results were obtained from measurements on
1-D samples where the optical properties vary only in the
axial direction. Prior to estimating the attenuation coefficients
and dye concentration, a large number of transversally dis-
placed A scans were averaged, thus severely degrading trans-
versal resolution. To test the ability of the method for imaging
dye concentration in more challenging samples, we prepared
layered Agar samples with a 3-D variation in scattering prop-
erties, as illustrated schematically in Fig. 6. Variation in scat-
tering properties was obtained by using different IL concen-
trations in the two layers Wheré:|L1 and Ci, is the IL

concentration of the top and bottom layers, respectively. The
samples were prepared with the same dye concentr@in
in both layers.

These samples are simple compared to the challenging task
of concentration monitoring in tissue. Since the variation in
scattering is obtained merely by varying the IL concentration
in the two layers, we know that the whole sample has the
sameF. This assumption might not be generally true for tis-
sue. Tissue will also have a more complicated structure with
different-size areas having varying scattering properties. This
will complicate the analysis compared to the samples used in
the experiment where the scattering properties are homoge-
neous within each of the two layers.

Figure 7 shows 2-D cross-sectional structural OCT images

depths where the results are unaffected by edge effects and th@f a sample prepared usir@_ =0.05%,C,_ ,=0.15%,and

artifact created by the step in backscattered reflectivity. Com- C4 .= 0.030 mg/mlirecorded at 675 and 809 nm. The image

bining Egs.(2), (3), (10), (14), and(16) we find a model for area is indicated by dotted lines in Fig. 6. Attenuation of the
the effect of a step in backscattering reflectivity on the esti- signal with depth is more pronounced at 675 than at 809 nm
mated dye concentration. The modeled dye-concentration pro-due to the absorption peak of the dye at 675 nm. It is also
file for the measurement in Fig. 5 is plotted using a solid gray evident from the structural OCT images that signal attenua-
line in 5(c) and we see that the model gives a good descriptin tion is stronger in the bottom layer than in the top layer,

of the effect of a step in backscattering reflectivity on the indicating that the scattering coefficient in the bottom layer is
estimated dye concentration. For simple objects like this, the larger than in the top layer.
024037-9
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Fig. 7 OCT images of the layered Agar sample of Fig. 6 recorded at
two different wavelengths: (a) 675 and (b) 809 nm.

8 2 B

05 boos

Using Eq.(16) we obtain estimated images of the scatter- T s
ing coefficient at the two wavelengths. Results are shown in g 1 0.03
Figs. 8§a) and &b) for 675 and 809 nm, respectively. The ™ Io.o2
estimated optical properties are obtained usimg 1 in the |
image function. The transversal displacement for each A scan 15 001
is Ax=10um, found experimentally to be large enough to 0
ensure uncorrelated speckle noise in adjacent A scans for botr
wavelengths. The transversal and axial filter functions are 2 -0.01
chosen to be Gaussian functions truncated-atr and nor- 002
malized to unit area. The characteristic lengths of the filter o 05 1 15 2
functions, the FWHM of the Gaussian functions, for the im- ) ) ] o )
ages in Fig. 8 aré,=L,=0.20 mm.According to Eq.(17), Fig. 8 Functional images of the layered Agar sample in Fig. 6: esti-

each pixel in the images is thus an average over approxi mated attenuation coefficient at (a) 675 nm, @ 75(x,z;L,,L,) and (b)
P g g PP 809 nm, fg09(X,2z;L,,L); (c) estimated dye concentration

maIEIyNX M=270and 340 independent speckle rea!lzatlons édye(x,z;Lz/L,). The FWHM of the transversal and axial filter func-

for the images recorded at 675 and 809 nm, respectively. They;ons are L,=L=0.20 mm. The dark-blue border around the images
interface between the two agar layers can be clearly seen iNmasks the parts of the images influenced by edge effects.

the images due to the step artifact discussed in Sec. 4.3. The

difference in the attenuation coefficient in the two layers is Finally, Fig. 8c) shows functional OCT images of esti-
evident in the images, and we can also see that the estimatednated dye concentration calculated from Fig&) &nd &b)
attenuation coefficient has a constant mean value within eachusing Eq.(23). Apart from the artifact arising from the inter-
layer. face between the two layers, the image shows a fairly constant
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properties vary within the limitation of the model as it is
presented in Sec. 2.1.

1 M 5 Discussion

0 VTR T The presented results show that it is possible to obtain func-
(a) (b) tional images of the concentration of an analyte in a scattering
0 1 2 0 1 > Agar-IL tissue phantom based on OCT measurements at two
z{mm] z [mm] wavelengths. The following is a discussion of factors deter-
0.08— . . , , mining the precision in the estimated dye concentration and
some of the challenges in the design of a dual-wavelength
concentration-imaging OCT system.
0.06 1 In this paper, speckle averaging is limited to spatial aver-
aging, and we do not discuss speckle-noise reduction through

N W

mut [mm"]

0.07r J

0.05} )y & , ) -
polarization diversity? frequency compounding, or ad-
T 004 vanced image processifgAs a measure of precision in the
E’ 0.03[0:93... . estimated attenuation coefficients and dye concentration, we
O;; i3 use the variance of the estimated parameters. According to

Eq. (22), the variance ofi, is proportional to the source co-
0.01}F 1 herence length, and the transversal resolutidp, inversely
proportional to the width of the transversal filter functibp,

or ] and inversely proportional to the third power of the width of
-0.01} (c) . the axial filter functionL,. Thus, there is a trade-off between

_0.02L— ) ) ) ) spatial resolution and precision in the estimated attenuation
0 0.5 1 1.5 2 coefficient. An increase of the axial filter width gives a larger

z[mml improvement in precision compared to the same increase in

Fig. 9 (a) Logarithm of the image function Py, , m=250, obtained by transversal filter width. Imaging with a shorter coherence

averaging all A scans of Figs. 7(a) (black line) and 7(b) (gray line); (b) length, or a larger numerical aperture, will reduce speckle size
estimated attenuation coefficient at the two wavelengths based on the in the axial and transversal directions, respectively. For a
image functions in (a), L,=0.20 mm; and (c) estimated dye concen- given spatial resolution, determined by the filter lengths, the
tration calculated from the estimated attenuation coefficients in (b). precision in the estimated attenuation coefficient will thus be

We observe that even though the scattering of the sample varies trans- improved because the number of independent speckles within
versally along the sample, the resulting calculated depth-resolved dye

concentration is in good agreement with the theoretical value as a the f_llter len_gths increases. A Sh(_)rter coherence length can be
function of depth. obtained using a broader bandwidth source as long as disper-
sion in the sample under study is small enough to avoid prob-
lems due to dispersion broadening.
dye concentration. The estimated dye concentration averaged Few studies have been done on the precision of estimated
over the two sample layers, excluding edge and interface re-attenuation coefficients from tissue. Schmitt et?ateport
gions, is(édyQ:0.028 mg/mlwith a standard deviation of  values of the attenuation coefficient of human tissue from
0c=0.010mg/ml, compared to nominal valueCgy, different sites on the body determined with an average stan-
=0.030 mg/ml. dard deviation ofr,,~0.5 mm 1. The attenuation coefficient

The functional dye-concentration image shows that even at the different sites varied in the range 2 to 5 fniThis
though the experimental results are in good agreement withresult was obtained using linear regression oveg
the expected value within the two layers, the step in reflectiv- =0.50 mmwith no transversal averaging of the OCT enve-
ity at the layer interface influences a significant part of the lope, and is of the same order of magnitudeogspredicted
image. For more realistic tissue phantoms and, eventually, for by the expression in Eq22). Kholodnykh et af* state that
measurements on tissue, it might be expected that local varia-they have determined the scattering coefficient of tissue with
tion in reflectivity may corrupt the dye-concentration images. a precision of 0.8%, corresponding to a standard deviation of
Figure 9a) shows the transversally averaged OCT envelope ~0.05 mni? for typical values of the scattering coefficient of
for the data presented in Figs. 7 and 8. In Fig®) @nd 9c) tissue. To achieve this precisid@x 10* A scans were aver-
the attenuation coefficient and the dye concentration are cal-aged over a transversal area of 843 mm, and the attenu-
culated following the same procedure as used in Sec. 4.2.ation coefficient was found as the slope of the logarithm of
Figure 9c) shows that even though the scattering of the the averaged data using linear regression over a depth of 0.25
sample varies transversally, the resulting calculated depth-mm. For these averaging parameters, and a reported coher-
resolved dye concentration is in good agreement with the ence length of.=15um, Eq.(22) predicts a theoretical stan-
nominal value. The mean value of the estimated dye concen-dard deviation 0of~0.004 mm?, thus is an order of magni-
tration is(Cgye)=0.030 mg/mland the standard deviation is  tude better than estimated by Kholodnykh et al.
o¢=0.005 mg/ml.This is an indication that even for samples Typical values for the attenuation coefficient of human tis-
having large variations in scattering properties, it may be pos- sues are>1 mm . Equation(22) shows that for a coherence
sible to obtain reliable estimates of the dye concentration at length in the sample of 1am and a transversal resolution of
the expense of transversal resolution, if only the scattering 10 um, a variance in the estimated attenuation coefficient of
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0,=0.01 mm ! is obtained forL,=L,=1.03 mm.Reducing tion will be increasingly inaccurate as the numerical aperture

the filter lengths td_,=L,=0.46 mmresults in a variance of ~ (NA) for the system increases and light passing through the
0,=0.05mm *. These results are obtained on samples hav- outer part of the aperture may have traveled a significantly
ing an attenuation coefficient of 1 to 2.5 m just within longer distance in the object than light traveling close to the
realistic values for human tissues. For samples having aOPtic axis. For large-NA systems, this will give an incorrect
higher attenuation coefficient, the object depth for which we €stimate of the attenuation coefficient if not corrected for.

have a useful signal will be reduced. This limits the maximum  Focus tracking is necessary to extract quantitative informa-
filter length and thereby the precision in the attenuation- tion about the attenuation coefficient of a sample from OCT

coefficient estimator. images. An alternative to focus tracking is correcting the re-
Equations(22) and (24) show that the precision in the corded data for the effect of the confocal functféri* For

estimated dye concentration is independent of the dye concen-Samples with relatively high scattering, focus tracking is the
tration value. This is confirmed by experimental results pre- better alternative since it gives a larger penetration depth, en-
sented in Fig. &). For a given set of speckle-averaging pa- abling more axial filtering and thus better precision in the
rameters, the resulting precision represents a fundamentadetermined optical properties. Finally, a large dynamic mea-
limit on detectability of low dye concentrations. Equati@d) surement range is required for high penetration depth.

expresses how the variance@jy depends on the variance in ete:hls'txvor:\ V;?esnc?rqgetd r?(lajé lf[z'Tﬁea;nusl';Oufge'rntsirfsron;;]
;- The choice of probing wavelengths and thus the values of with wav 9 u yte u uay.

F d toaeth itho? . determine th - OCT system using an ultrabroadband source would enable
» €a,r ANAE, ), lOgEINErwithoy; ,; determine the precision e asurements at a wide range of wavelength bands, providing

of the estimated dye concentration. According to &) the a flexible solution for imaging of analytes with different ab-
variance inu, is determined by the speckle-averaging param- sorption properties.

eters, transversal resolution, and the source coherence length.

Assuming that we can choose source parameters givindg Conclusion

2 =42 =g i i
Tany = T, = T for any F, and introducing the parameter This paper demonstrated quantitative functional imaging of

E=e€ar,/€an,, EQ. (24) simplifies to aéz K,(1+F?)/(1 the concentration of an absorbing analyte in a scattering tissue
—EF)?, WhereKozai/eix . When imaging a dye havinga Phantom by means of spectroscopic OCT. We analyzed the
Aq . ) :

narrow absorption band centered\atand E=0, the second accuracy fOf thethd);e-co:wc:anf[;]anon estimate tandG dIZCUSSGd
probig vaelengih shoid be crosen o yeB<L e, 2162 O Tr 6Pl o e messenes o600 e
the scattering at, should be larger than at; . This will give : . . o P

. R ; ances in the estimated attenuation coefficients and dye con-
an improved precision ier¢ compared to using a wavelength centration. We presented guidelines for spectroscopic OCT
yielding F> 1. For the sources used in this paper- 1. Gen- i P 9 P P

R . systems for concentration imaging and discussed some of the
erally the best precision i€qy. is obtained when botk and possible obstacles for the application of the method to more

E are <1. An additional requirement is that the total attenua- egjistic phantoms and tissue. Tissue is a complicated sample
tion at both wavelengths must be weak enough to give a suf- 5 it is difficult to predict what will be the dominating ob-
ficiently large penetration depth for good determination of the g;401es when using this method on live tissue. Nevertheless,
slope of the OCT envelope. _ _ this paper demonstrated that the goal of quantitative depth-
The presented method is limited to samples with relatively (ogolved measurements of dye concentration is, in principle,

homogeneous scattering. The whole sample is represented by,ossiple to achieve provided that a sufficient model for the
the samd~, and thisF value is assumed not to change with optical properties of the tissue is found.
concentration of the analyte under study. Faber et al. showed
that blood oxygenation changes the scattering properties of Acknowledgments
whole blood® An effect of this kind will complicate the
analysis. In addition, the dye must be the only absorbing com-
ponent in the sample. This will not generally be the case for
tissue where several other chromophofesy., hemoglobin
and melaniin may contribute to the absorption, thus compli-
cating the selection of suitable wavelengths.
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