Optical properties of highly scattering media
determined from changes in attenuation, phase,

and modulation depth
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The optical properties of scattering media determine the attenuation (A) and the transit time ((¢)) of light
reflected from the medium as well as the phase (®) and modulation depth (M) of an intensity-modulated
lightwave. Our primary finding is that the ratio of changes in A, ®, and M is approximately independent
of the scattering properties and gives a good estimate of the absorption coefficient. These changes can
be induced either by small changes in the absorption coefficient of the medium, by the tuning of the
wavelength, or by changes in the light source—detector distance. The application for the in vivo mon-
itoring of hemoglobin and oxyhemoglobin concentrations in human tissue is discussed. © 1997 Optical

Society of America
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1. Introduction

The analysis of absorption and scattering properties
is an important problem in many areas of biomedical
optics, in particular for determining hemoglobin
(Hb), oxyhemoglobin (HbO,), and cytochrome oxidase
concentrations in tissue. Conventional near-
infrared (NIR) spectroscopic methods allow the
changes of chromophore concentrations to be calcu-
lated from changes in the light intensity diffusely
reflected from the tissue surface.! However, the ab-
solute concentrations of these chromophores, i.e., the
absolute absorption coefficient, cannot easily be in-
ferred, as the scattering of the light in the tissue has
to be taken into account.

Different experimental approaches have been de-
veloped for the measurement of (absolute) absorption
coefficients (p,,) in highly scattering media, and these
can be subdivided into two groups. The first group is
based on intensity (reflectance) measurements for
different distances between the light source and the
detector. Farrell et al.2 have shown that for multiple
small source—detector distances, the reflectance
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measurements are sufficient to derive both the ab-
sorption and the transport scattering coefficients (.,
and p,’, respectively). Liu et al.3 present an approx-
imation for w, and p," based on measurements of
reflectance for multiple large source—detector dis-
tances. Similarly, when an estimated " is known,
the absorption coefficient can be inferred from the
slope of a plot of reflectance against distance.4

The second group is based on the measurement of
the time of flight of the light in tissue in addition to
the reflectance. Intensity-modulated optical spec-
trometers (IMOS’s), which are an alternative to time-
resolved systems, provide measurements of the phase
and the modulation depth of an intensity-modulated
lightwave. The phase difference is approximately
proportional to the mean time of flight of the light in
the medium. It has been shown that, for a fixed
modulation frequency, w, and p," can be inferred
from the intensity and phase data obtained at differ-
ent source—detector distances.5-1© Alternatively,
single-distance, multiple modulation frequency mea-
surements can be used.1-13 All these methods are
based on the fitting of n, and p,’ to diffusion equation
solutions for light transport in the medium.

Here, a different approach for the determination of
absorption coefficients is suggested. The basic find-
ing is that small changes in the absorption coefficient
induce changes in diffuse (reflected or transmitted)
light intensity, time of flight (or phase), and modula-
tion depth, and that the ratio of these changes is
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primarily independent of the scattering properties of
the medium. This ratio provides a good estimate of
the absolute absorption coefficient. The approxima-
tion is valid over only a certain range of p, and .’
values; however, it encompasses the range found in
biological tissues for NIR wavelengths. Similarly,
the ratio of the changes in intensity and phase, in-
duced by variations in the source—detector distance,
allows p, to be estimated. Furthermore, p." can be
inferred based on the estimated ., value.

With this paper we aim to expand on the findings
presented in a shorter publication.l* In this paper
the method is formulated in diffusion theory (Section
2) and used to determine the absorption coefficients of
light-scattering, tissue-simulating phantoms (Sec-
tion 3). In these experiments, changes in the ab-
sorption coefficient are induced by changes in
chromophore concentrations. Alternatively, it is
demonstrated that tuning the wavelength over the
absorption spectrum of the chromophore allows the
absorption coefficient (the mean p, over the tuned
wavelength range) to be deduced. In addition, small
changes in the source—detector distance are also ex-
ploited to obtain estimates of .

The main advantage of the suggested method for
the in vivo monitoring of Hb concentration and oxy-
gen saturation is its simplicity: a single light source
and a single detector are sufficient, and the data eval-
uation is straightforward.

2. Description of the Method by Diffusion Theory

The transport of light in scattering media has been
thoroughly analyzed over recent years, and diffusion
theory has become established as a versatile tool for
describing light intensity, time of flight, phase, and
modulation depth in terms of the transport scattering
coefficient ('), the absorption coefficient (p,), and
the refractive index of the medium (n).7-10,12,15-17

For a pencil-beam light source on a semi-infinite
half-space, the reflectance R (i.e., the number of pho-
tons backscattered to the surface of the medium per
unit area) and the mean transit time (time of flight)
(t) detected at a distance r from the source can be
written as

1 e
R(r) = 20(p + ueff) a0y (1)

27p

pZ

2¢[D + p - (pD)"*]’

(r) = (2)

respectively.1516  Here it is assumed that the pencil
beam creates an isotropic photon source at depth z,.
In Egs. (1) and (2), p = ("% + 2,22 and z, = 1/p,".
The velocity of light in the medium ¢ = ¢y/n (where
the slpeed of light in vacuum is ¢y). o = [Bpg(pg +
w112 is known as the effective attenuation coeffi-
cient, and D = [3(pn, + p,)] ! is the diffusion coeffi-
cient.

When an IMOS is employed to measure chro-
mophore concentrations, the phase ® of a light-
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wave, intensity modulated at the frequency v,,, is
measured rather than the mean time. & and (¢)
are approximately coupled by the simple linear re-
lationship1.16

This approximation is valid for the range of n, p,, and
" values typical for tissue at NIR wavelengths and
frequencies v;; < 200 MHz. Note that the phase ®
defined in Eq. (3) is negative with respect to (¢).

Analytical expressions for the phase ® and the
modulation depth M (i.e., the ratio of the ac to the dc
component of the modulated lightwave) can be de-
rived. Patterson et al.'> and Arridge et al.’® ob-
tained equations for ® and M by performing a Fourier
transformation of the temporally resolved impulse
response of the reflectance R(r, ¢). Patterson et al.1®
give the following equations:

1+W,

12

b=7, - tanl( ¥ ) , (4)

1+ + 2,)12

M
1+,

exp(¥.. — ¥;), (5)

where ¥, = pgp(1 + X%, ¥, = =¥, sin(9/2), ¥; =
W, c08(0/2), 0 = tan™'(x), V.. = pegp, and x = (2mv,,)/
(1gC)-

The linear relationship between (¢) and ® of Eq. (3)
is valid for a near-symmetrical impulse response R(r,
t). For low u,(<0.005 mm !, which is at the lower
end of the values typical for biological tissue), how-
ever, this is not fulfilled and, consequently, the values
for ® calculated from Eqgs. (2) and (3) are different
from those from Eq. (4) (for v;, of the order of 100
MHz).

Equations (1)—(5) assume a matched boundary con-
dition and do not take into account refractive-index
differences between the medium and the surrounding
that cause specular reflections at the boundary. All
the conclusions drawn in this paper are equally valid
when the mismatched boundary conditions®-18 are in-
cluded. To keep the equations as simple as possible,
the matched boundary condition was used in prefer-
ence to the mismatched boundary condition.

In the two subsections below, the changes in A, (¢),
®, and M with respect to variations in absorption
coefficient and source—detector distance are exam-
ined.

A. Determination of w,:
with Respect to p,

Changes in A, (t), ®, and M

Here the changes in reflectance, mean time, phase,
and modulation depth are examined with respect to
pure p, changes. The derivative of attenuation A
[defined as the logarithm (base 10) of the ratio of



incident and detected intensities] and (¢) with respect
to changes in p, can be derived from Egs. (1) and (2),
giving

a_ 3 P 2wy + ) (6)
e 21010 1/p + pop e P

ot) -3 P

RAAEN — -1|. @
e 2(1/p + pep’e [2 (n.D)"? @

We are interested in the quotient @, = (0A/op,)/ 3P/
dp,) of these two quantities. This ratio can be sim-
plified by the use of the diffusion approximation,
which states that scattering dominates absorption
(R, << '), and therefore p g = (3p,p,’ )/ and D =

(3w,")"'. When these approximations are used, the
ratio of Egs. (6) and (7) becomes
aA '\ [ty —(1 + ppregc
— |\ = Mla- (8)
ap“a ap“a P et [\
In 10— — —
P T

For media with optical properties similar to tissue
(ny =1-2mm™1; p, = 0.005-0.05 mm ') and typical
source—detector distances (r = 20-40 mm), ppog/2 =
Ko/ s, and therefore

aA) a6\ _ —2(1/pes + p)c ©
Iha / om.)  Im10p

Furthermore, for large source—detector distances (p
> 1/, Eq. (9) is, to a good approximation, inde-
pendent of both .’ and p. Equation (9) can there-
fore be reduced to

(aA) (8(15)) —2c

N / N k =1 1 Mo

e /| \ g In 10

which is a linear function of w, (and c) only.

Figure 1(a) shows the quotient @, = (0A/op,,)/ 0P/
dp,). The solid lines are the exact solutions calcu-
lated from Egs. (3), (6), and (7) for transport
scattering coefficients of w,/ = 1.0, 1.25, and 1.5
mm !, a source—detector distance of » = 30 mm, a
modulation frequency of v;; = 200 MHz, and a re-
fractive index of n = 1.33. To a good approximation,
@, varies linearly with p,. The approximations for
@, given by Egs. (9) and (10) [dashed and dotted lines
in Fig. 1(a), respectively, calculated for p,” = 1.5
mm '] are also shown. Although Eq. (10) produces
a 15% underestimate compared with the exact solu-
tion for @,, Eq. (9) is a reasonable approximation of
the @, versus p, relationship.

It is remarkable that @, is dependent primarily on
w, only, with a variation in p,’ from 1 to 1.5 mm ™%,
having only a small influence on @,. Consequently
a good estimate of the absolute (mean) absorption
coefficient can be obtained by the measurement of the
ratio of attenuation and phase changes for variations
in the absorption coefficient.

For any experimentally determined value of @, it is
crucial to estimate the influence of .’ and r (source—
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Fig. 1. (a)Q, = (0A/dp,)/(0P/dp,) as a function of ., for v,, = 200
MHz, n = 1.33, and a source—detector distance of » = 30 mm.
The solid lines represent @, calculated from Egs. (3), (6), and (7) for
values of w,’ = 1.0, 1.25, and 1.5 mm~!. The dashed and the
dotted lines are the approximations of Egs. (9) and (10), respec-
tively, calculated for p,’ = 1.5 mm~1. (b) Curves of constant @,
[in units of optical density per radian (OD/rad)] as a function of .’
and p,, calculated for v;; = 200 MHz,n = 1.33, and 7 = 30 mm. (c)
Curves of constant @, [in units of optical density per radian (OD/
rad)] as a function of  and p,, calculated for p,’ = 1.5 mm™* (v,, =
200 MHz, n = 1.33).

detector spacing) on the estimate of p,. Curves of
constant @, are shown in Fig. 1(b) as a function of .,
and p,’. Figure 1(b) demonstrates that changing
the assumed value for p,’ from 0.5 to 2.5 mm ™’ (i.e.,
a range in p,’ that is much larger than would be
expected for a specific tissue type), at a source—
detector distance of 35 mm, gives corresponding ab-
sorption coefficients that vary by less than 20%.
This variation in p, is approximately the same for the
range in @, considered here. The curves in Fig. 1(b)
suggest that the influence of ., on the estimate of .,
decreases with increasing p.,'.

Furthermore, any experiment is prone to slight un-
certainties in the source—detector distance. The
variation in ., derived from constant values of @, as
a function of r is shown in Fig. 1(c). The curves in
Fig. 1(c) demonstrate that an estimate of p., is rela-
tively insensitive to uncertainties in the source-
detector distance of 5 mm.

The derivatives of phase ® and modulation depth
M with respect to ., can be derived from Egs. (4) and
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Fig. 2. (a) V, = (0®/ow,)/(0M/op, M) calculated for the same
optical properties as in Fig. 1(a), (b) curves of constant V, as a
function of p,” and ., for r = 30 mm, (c) curves of constant V, as

a function of r and p, calculated for w,/ = 1.5 mm™'. (v;; = 200
MHz, n = 1.33).

(5), giving
od 1 oW, .
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90 W 2
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The quotient V, = (0®/ow,)/(0M/dpn,M 1) derived
from Eqgs. (11) and (12) is plotted in Fig. 2(a) for the
same optical coefficients used to derive @, in Fig. 1(a).
Like @,, V, is, to a good approximation, a linear
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function of p,. Figures 2(b) and 2(c) show that the
influence of w," on V, is even smaller than its influ-
ence on @Q,. For a V, of 7 rad, a variation of p,’
between 0.5 and 2.0 mm ' or a variation of » between
20 and 50 mm changes the corresponding values of .,
by <2%. Consequently, measuring V, gives a more
precise estimate of p, than measuring @,,.

B. Determination of p,: Change in A, (t), ®, and M with
Respect to r

A number of papers have examined using variations
of measurements from IMOS’s as a function of dis-
tance to determine optical properties.”1® They have
concentrated on using the measurements log(rR),
log(rRM), and @, i.e., the product of source—detector
distance and dc intensity, the product of source—
detector distance and the ac intensity, and phase
measurements. Modulation depth measurements
have been briefly discussed but largely discounted as
producing inferior solutions to optical properties.
Here we remove the source—detector distance term to
examine how important it is to know this parameter
accurately, and we also examine further the use of
modulation depth measurements.

The derivatives of attenuation, mean time, phase,
and modulation depth with respect to the source—
detector distance r derived from Eqs. (1), (2), (4), and
(5) are

A _ ! + 2/p + Pep) (13)
or  pAL/p+ pep  In1o /P Heh

a<t> 3(2/9 + “‘ef)

EAA G A A L ST 14
ar  2c(1/p + pep)’ (" + o) (14)
b r W2+ 2V,

Pl 1 e aevend I (15)
61‘ p ]. + ’\PO + 2’\1,1,

M r [\POZ — (P2 + 2W,)P, . v, 2

. (16
1+ W2+ 29, 1+‘I’J (16)

or p2
The quotients @, = (3A/dr)/(0®/or) calculated from
Eqs. (3), (13), and (14) and V, = (0®/ar) /(oM /orM 1)
derived from Eqgs. (15) and (16) are shown in Figs.
3(a) and 4(a), respectively, as a function of u,. To
allow comparison with the experimental data pre-
sented in Subsection 3.B.3., a refractive index of n =
1.56 and a source—detector distance of r = 35 mm
were assumed. @, is negative as attenuation and
mean time increase with distance while the phase
decreases [see Eq. (3)].

The dependence of @, and V,.on p,, is similar to that
of @, and V,. The magnitude of both functions in-
creases approximately linearly with p, and the influ-
ence of w,/ and r is small. The errors in the p,
estimate that arise from uncertainties in .’ and r are
of the same order for both @, and @, (compare Figs.
3and 1). When Q, is used, variations in p, between
0.5 and 2.5 mm ! and source—detector separations of
25 to 50 mm result in derived ., values that vary by
up to 25% at p, = 0.01 mm™ ", less at higher p,.
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Fig.3. (a) @, = (3A/ar)/(d®/dr) as a function of p,, calculated from
Egs. (3), (13), and (14) for r = 35 mm, n = 1.56 and p,' = 1.0, 1.25,
and 1.50 mm; (b) curves of constant @, as a function of w,” and
W, calculated for r = 30 mm; (c) curves of constant @, as a function
of r and p, calculated for p,’ = 1.5 mm™! (vy, = 200 MHz, n =
1.56).

When V, is used (see Fig. 4), the same variations in
i, and r result in uncertainties in ., of less than 4%.
Consequently the same conclusion can be drawn for
@, and V, as for @, and V,_: measuring changes in A
and ® or ® and M for varying source—detector dis-
tances allows p,, to be estimated from @, = AA/AD or
V.= A®/3M (3M = AM/M) .

C. Determination of p’

Subsections 2.A and 2.B describe how the absorption
coefficient can be estimated from quotients @, V,, @,,
or V.. Once an estimate of ., is obtained, the equa-
tions for R, ®, and M are dependent on only one
variable: .’ (assuming that n is known). There-
fore various techniques can be used to derive w,'.
For example, j,' can be acquired from measurements
of the absolute phase by the solution of Egs. (2) and
(3) or Eq. (4). Alternatively, the attenuation, phase,
or modulation depth differences measured for at least
two source—detector distances can be exploited by the
solution of the equation for either AA, A®, or AM and
ps'. A prerequisite is that the exact magnitude of
the change in r is known.

For example, assume that AA = log[R(r,)/R(ry)]
and A® = ®d(r,) — P(ry) have been measured at the
distances r; and ry, = r; + Ar (where Ar << ry).
AA/AD gives an estimate of p, according to Subsec-
tion 2.B. With this estimated p,, .,/ can be calcu-
lated from AA by Eq. (1). For r; > 1/p.4 the
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Fig.4. (a)V, = (9d/or)/(0M/orM ') calculated from Egs. (15) and
(16) for the same optical properties as in Fig. 3, (b) curves of
constant V, as a function of p," and p, calculated for r = 30 mm,
(c) curves of constant V, as a function of r and p, calculated for .’
= 1.5 mm ! (vy, = 200 MHz, n = 1.56).

approximation

A an oo 101 1
s ™ 8 2| Ar | 3w,
is valid.

In this approximation, p," has the same systematic
error as p,. In a similar manner, A® or AM can be
used for a calculation of p'.

(17)

3. Experimental Determination of Absorption
Coefficients

A. Method

1. Intensity-Modulated Optical Spectrometer

The IMOS used for all the experiments discussed in
this paper has been described in detail previously.!?
It incorporates four different laser diodes (A = 744,
807, 832, 860 nm) that are intensity modulated at a
frequency of v;; < 500 MHz. Phase-sensitive (lock-
in) amplifiers allow phase shifts and changes in the
modulation depth of multiply scattered light to be
detected. Optical fibers were used to transport the
light between the diode lasers, the scattering media,
and the photomultipier detector. The wavelength of
a fifth diode laser could be varied between 753 and
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Table 1. Optical Properties of the Liquid-Scattering Phantom used for
Four Different Wavelengths \*

Phantom Properties Experimental

“‘a
A s’ Po = B+ R AA/AD (mm ™)

(nm) (mm™?Y) (mm™1) (OD/rad)  (+0.0008)

744 1.22 0.0133 2.47 0.0135
807 1.18 0.0142 2.66 0.0144
832 1.16 0.0157 2.93 0.0158
860 1.13 0.0169 3.08 0.0166

“The values for p,’ were derived from Mie theory. p, (third
column) consists of the dye absorption p,? and the water absorp-
tion p,”. The last two columns give the measured ratio of the
attenuation and phase change (@, = AA/A®) and the correspond-
ing absorption coefficient () derived from Eqs. 1-3 (compare with
Fig. 1 and 8). These estimates are based on variations in p,’
between 0.75 and 2.0 mm™?, resulting in uncertainties of Ap, =
+0.0008 mm 1.

761 nm by a change in its temperature. The line-
width of this laser was 2 nm (full width at half-
maximum).

The IMOS measures changes in attenuation [A, in
units of optical density (OD)], phase (®, in units of
radians), and modulation depth (M, the ratio of the ac
and the dc amplitudes, i.e., it is unitless). Although
phase differences A® = &, — &, (in radians) can be
measured without correction for the characteristics of
the IMOS, absolute changes in the modulation depth
AM = M, — M, require a reference measurement.
However, the fractional change 8M = AM/M can be
obtained without calibration. (Throughout this pa-
per A always symbolizes an absolute change, whereas
d describes a fractional change.)

2. Scattering Phantoms

Two different light-scattering, tissue-simulating
phantoms of known absorption and transport scat-
tering coefficients were employed to demonstrate the
feasibility of the suggested method.

The first phantom consisted of spherical polysty-
rene particles (B. Harness, Department of Chemical
Engineering, University of Bradford, U.K.) that
served as light-scattering centers. The spheres
were suspended in water. Mie theory!® was used to
derive the scattering cross section and transport scat-
tering coefficient .’ of these spheres (diameters be-
tween 0.6 and 2.5 um). The calculated scattering
cross section was found to be in agreement with at-
tenuation measurements performed in a collimated
beam setup.2° For a sphere concentration of ¢, = 1%
volume/volume (v/v), the calculated p,’ was ap-
proximately 1.2 mm ! (see Table 1). The absorption
coefficient of the phantom p, was the sum of the
water absorption (i) and the absorption (%) of a
dye (S109564, ICI, Manchester, U.K.) that was added
in known quantities to the water: w, = p,* + w2
The spectra of p,*, %, and p,* + % are shown in
Fig. 5 for a dye concentration of c; = 1.40 X 10 ° v/v.
The tips of the light delivery and detection fibers of
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Fig. 5. Absorption coefficient p, = p,* + w,? of the liquid phan-
tom, where ., is the water absorption and ¢ is the dye absorp-
tion for a concentration of ¢, = 1.40 X 107°v/v. The dots are the
absorption coefficients for the four laser wavelengths (see Fig. 7)

derived experimentally from @, = AA/A® and V, = AD/S3M (for

744 nm) and based on p,’ values between 0.75 and 2.0 mm ™.

the IMOS were submerged approximately 2 mm into
the phantom (volume 100 mm X 80 mm X 60 mm).

The second, solid phantom was made of epoxy resin
(see Firbank et al.2l). An absorbing dye (Pro Jet
900NP, Zeneca Ltd, Manchester, U.K.) was added to
the resin (refractive index 1.56). The light-
scattering centers were amorphous silica spheres of
1.0-pm diameter with a methacrylate coating (Mono-
spher 1000M, E. Merck, Darmstadt, Germany) and
they were suspended in the resin. The wavelength
dependence of p, and p,’ of this phantom is shown in
Fig. 6. The fractional errors in p, and p,' are ap-
proximately *=2%. The ends of the optical fibers
were positioned less than 1 mm above the phantom.
The high refractive index of the epoxy resin results in
a high degree of specular reflection at the boundary
between the phantom and air. To reduce these spec-
ular reflections, the surface of the phantom around
and between the fibers was covered with black tape
with a refractive index higher than that of air.

1.1 T T 0.025
_____ H
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g 10.020 g
Hool /s i)
™ -4 0.0156
G
3 0.8 v from V, =
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Fig. 6. Absorption coefficient ., (solid curve) and transport scat-
tering coefficient p,’ (dashed curve) of the solid phantom (errors
approximately +=2%). The absorption coefficients derived from
Q,(AN) (filled circle; compare with Fig. 8), @, (filled squares, com-
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The error bars represent the variations in p, under the assumption
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Fig. 7. (a) Measured changes in attenuation AA, phase A®, and

modulation depth 8M = AM/M as a function of changes in dye
absorption 8u,? for A\ = 744 nm. The lines give a first-order
regression fit through the experimental data. (b) Correlation
plots of both AA and 3M with A® for the data of (a). The regres-
sion lines have slopes of @, = AA/A® = 2.47 OD/rad and V, =
AD/3M = 3.53 rad.

B. Determination of p, in Scattering Phantoms

1. Changes in Concentration c, of Chromophores:
Q,(Ac,) and V,(Ac,)

The absorption coefficient p, of the liquid, light-
scattering phantom was changed when the concen-
tration of the dye was varied in 14 steps of dp,% =
1.44% each (corresponding to Au, = 1.56 x 10~ *
mm ! at A = 744 nm). The concentration of the
light-scattering microspheres was ¢, = 1% v/v and
was held constant during the experiment. The re-
sulting optical properties of the liquid phantom are
listed in Table 1 for the four different laser wave-
lengths of the IMOS. The values of p, given in the
table are for a dye concentration of ¢, = 1.40 X 10~°
v/v. The wavelength dependence of ' is insignifi-
cant, whereas p, varies by ~30% for the four laser
wavelengths. The changes in attenuation, phase,
and modulation depth were recorded with the IMOS
as a function of the absorption changes 8u,%. This is
shown in Fig. 7(a) for A = 744 nm. Plotting AA
against Ad [see Fig. 7(b)] shows a strong correlation
with a first-order regression slope @, = AA/AD =
2.47 OD/rad. When this measured value of @, and
the known transport scattering coefficient are used,
Eqgs. (3), (6), and (7) and Fig. 1 allow an absorption
coefficient of p, = 0.0135 mm ™' to be calculated.

This is in excellent agreement with the true value.
The experimental values of @, and p, derived in the
same manner for all four wavelengths are listed in
the fourth and the fifth columns of Table 1 and are
shown in the absorption spectrum of Fig. 5. The p.,
values given in the table are based on p,’ between
0.75 and 2.0 mm !, which result in uncertainties of
approximately +0.0008 mm ™ '. All the p, values
calculated in this manner agree with the true absorp-
tion coefficients to within the above uncertainties.

The correlation between A® and 3M = AM/M is
included in Fig. 7(b) \ = 744 nm). The first-order
regression has a slope of A®/3M = 3.53 rad. Taking
this slope as V, and evaluating according to Eqgs. (11)
and (12) [compare with Fig. 2(a)] gives an estimate of
B, = 9.0133 mm ! (£1%) for 0.75 mm ! < ./ < 2.0
mm .

2. Changes in Wavelength \: Q_,(AN) and V,_,(AN)

The second approach to obtain values of AA/A® or
A®/3M is to induce small changes in the absorption
coefficient by the tuning of the wavelength \, i.e., to
scan over the absorption spectrum of the scattering
medium. A prerequisite is that p,’ remains un-
changed over the range of wavelengths used or that
changes in p,' can be accounted for.

The solid, light-scattering phantom with well-
characterized optical properties (compare with Fig. 6
for A = 758 nm: p, = 0.0160 mm, p,/ = 0.934 mm,
n = 1.56) had fractional changes in p, and p,’ with
wavelength of 3, = +1.5%/nm and 3, = —0.05%/
nm, i.e., the changes in p," were much smaller than
those in p,. The light reflected from the phantom
was detected at a distance of » = 30 mm from the light
source. Variations in the diode laser output with
changing wavelength were corrected by reference
measurements of intensity, phase, and modulation
depth at a distance of » = 7 mm. Figure 8(a) shows
the changes in A, ®, and M as a function of wave-
length relative to the values recorded at A = 758 nm.
A, @, and M increase with wavelength, which is con-
sistent with an absorption coefficient’s increasing (see
Fig. 6).

The correlation of AA and A® for this wavelength
range [see Fig. 8(b)] has a first-order regression slope
of @, = 2.23 OD/rad. By analysis of this value ac-
cording to Eqgs. (3)—(5), an absorption coefficient of .,
= 0.0161 (+0.0008) mm ! was calculated based on
0.75 mm ' < u,/ < 2.0 mm ', The first-order re-
gression slope of A®/3M [Fig. 8(b)] has a correlation
coefficient of V, = 5.03 rad, which corresponds to a
value of p, = 0.0168 mm ' (+1%) for the same range
of '

The p, values derived from @,(AN) and V,_,(AN) are
in excellent agreement with the true value.

3. Changes in Source—Detector Distance r:

Q.and V,
The changes in attenuation, phase, and modulation
depth were measured as a function of the source—

detector distance for the solid-scattering phantom.
This is shown in Fig. 9(a) for A = 744 nm. The
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Fig. 8. (a) Changes in attenuation (AA), phase (A®), and modu-

lation depth (83M = AM/M) as a function of wavelength X\, (b)
correlation of AA and 3M with A® for the data of (a). A first-order
regression gives slopes of @, = AA/A® = 2.23 OD/rad and V, =
AD/S3M = 5.03 rad.

first-order regression of these experimental data has
slopes of AA/Ar = 0.11 OD/mm, A®/Ar = —0.046
rad/mm, and 8M/Ar = AM/M = —0.00575/mm.
This agrees well with the theoretical slopes (AA/Ar =
0.1105 OD/mm, A®/Ar = —0.0457 rad/mm, and
3M/Ar = —0.00522/mm) calculated with the known
properties of the phantom (., = 0.0185 mm ™, p,' =
0.94 mm !, n = 1.56 for A\ = 744 nm; see Fig. 6) and
Eqgs. (1)-(5). In Fig. 9(b), the correlation of both AA
and 3M with A® is shown (A = 744 nm). The first-
order regression of AA and A® has a slope of @, =
AA/A® = 2.38 OD/rad. On the use of Egs. (13) and
(14) [compare Figs. 3(a) and 3(b)] and assuming
transport
scattering coefficients between 0.75 mm ' < .’ < 2
mm !, an absorption coefficient of u, = 0.0137
(+0.0010) mm ' was obtained. This value is shown
in Fig. 6 together with the absorption coefficients de-
rived in an equivalent manner for A = 832 nm. For
the other two wavelengths of the IMOS, the received
light intensity was too low to derive AA/A®. Ana-
lyzing the measured ratio V,, = A®/3M = 0.0565 rad
[Fig. 9(b)] gives u, = 0.0117 mm ™! (+0.0001 mm ')
for the same range of p,’ [compare with Fig. 3(a)].
Using the estimated value of u, together with the
measured attenuation change AA/mm allows the
transport scattering coefficient to be calculated from
Eq.1. The measured slope AA/Ar = 0.11 OD/mm (A
= 744 nm) gives p,” = 0.900 (+0.065) mm ! for p, =
0.0135 (£0.001) mm ™ !. Evaluating this slope ac-
cording to the approximation of Eq. (11) provides a
value for w,’ of 0.95 (+0.065) mm '. In a similar
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Fig. 9. (a) Changes in attenuation (AA), phase (A®), and modu-

lation depth 3M = AM/M) as a function of source—detector dis-
tance r, measured on a solid phantom (, = 0.0185 mm™*, p,’ =
0.94 mm™1, n = 1.56 for A\ = 744 nm; compare with Fig. 6). The
solid lines give the first-order regression through the data. Note
that the scale for 3M is expanded by a factor of 10. (b) Correlation
of both AA and 8M with A® for the data shown in (a). The first-
order regression lines have slopes of @, = AA/A® = 2.38 OD/rad
and V, = A®/3M = 7.6 rad. The absorption coefficient p, derived
from @, = AA/A® is shown in Fig. 6.

way, the slope of the phase can be used. For Ad/
Ar = —0.046 rad/mm and the estimated p,, Eq. (2)
gives a transport scattering coefficient of .,/ = 0.902
(+0.065) mm !. These values are in agreement
with the true p,’.

4. Discussion and Conclusion

The method described here allows the absolute ab-
sorption coefficient (chromophore concentration) in
highly scattering media to be determined from the
quotient of changes in either attenuation and phase
(® quotient) or phase and modulation depth (V quo-
tient). The diffusion equation modeling in Section 2
showed that either the quotient @ or V could be used
where modifications to measurements were made ei-
ther by small changes to the medium’s p, or r
(source—detector spacing). The use of small
changes in p,, of unknown magnitude to obtain abso-
lute values for p, is a new discovery to our knowl-
edge. The use of changes in distance has been
investigated before8-19; however, here we suggest
that knowledge of the source—detector distance at
which measurements are made is not a requirement
of such a measurement strategy.

A consideration in using IMOS technology is the
choice of modulation frequency. In the modeling



here it has been such that v << p,c and, although this
is not essential, it is advantageous. The relation-
ships in Figs. 1-4 become more complex and poten-
tially ambiguous if w > p,c (for human tissues at
NIR wavelengths of ® = p,c near 400 MHz).

The modeling assumes matched boundary condi-
tions, which was satisfactory judging by the excellent
agreement between ., determined with the V and @
quotients and true p,. Fantini et al.8 suggest that
boundary conditions do affect the slopes of dc inten-
sity and phase with distance by 5% to 10%; these
variations may well cancel out to some extent in the
quotients.

The accuracy of p, determined with the V and @
quotients is good, as judged by the comparison
against true p, in Figs. 5 and 6. The error bars in
these figures, in which the @ quotient is used, repre-
sent a theoretical uncertainty, assuming that . is
unknown but lies in the range 0.75-2 mm ™~ !. The
theoretical error bars for the V quotient would have
been approximately a factor of 5 smaller.

Figures 5 and 6 do not show the @ and V quotient
data for all four wavelengths of the IMOS system, as
low light intensities prevented the collection of data
with sufficient signal-to-noise ratio at some wave-
lengths. Although the diffusion equation modeling
suggests that the V quotient is the best to use as it is
less sensitive to source—detector separation and scat-
tering coefficient, it has the disadvantage that the
noise on the measured V quotient is some 5 to 10
times larger than the @ quotient for the same de-
tected light intensity and measurement interval.
Hence, to make use of the inherent greater insensi-
tivity of the V quotient to r and ', either a signifi-
cantly larger measurement time or light intensity is
required.

The experiments performed on tissue-simulating
phantoms discussed in Section 4 demonstrate three
different approaches that can be used to induce the .,
and r changes. It is possible that all three could be
useful for monitoring Hb and HbO, in vivo.

(1) The first option is to use small variations in the
absorption coefficient. In the experiment described
in Subsection 3.B.1 this was achieved when dye was
added to a liquid phantom. The absolute magnitude
of the change in the chromophore concentration is not
required. In many in vivo situations it is therefore
sufficient to rely on changes in chromophore concen-
trations that occur spontaneously, i.e., those that oc-
cur through changes in blood volume or blood
oxygenation. For example, one possible application
is the monitoring of blood volume and oxygen satu-
ration in the brain of fetuses. During labor, contrac-
tions increase the pressure on the fetus and therefore
induce shifts in the blood volume and changes in the
blood supply. This is especially true for the fetal
head, and, as a consequence, hypoxic states of the
brain can occur that could lead to neurological im-
pairments. The first promising experiments to mon-
itor these changes in Hb and HbO, in vivo have been
performed with the IMOS system, and absolute ab-
sorption coefficients and oxygen saturations were cal-

culated.22 However, as no other reliable method for
monitoring the Hb—HbO, status in the brain exists, a
validation of the values obtained was not possible.

(2) In the second experiment (see Subsection 3.B.2),
changes in A, ®, and M were induced by the tuning of
the wavelength of a diode laser over the absorption
spectrum of a chromophore. Alternatively, different
laser light sources with closely adjacent wavelengths
or a white-light source in combination with a
wavelength-selective element could be used. It is
not necessary to know the absolute shift in wave-
length to estimate p,. In all practical applications,
this method is clearly limited by the possibility that it
may not be feasible to neglect the effect of scattering
changes with wavelength on AA, A®, and AM. Data
that describe the wavelength dependence of the scat-
tering properties of tissue are limited. However, the
available literature23-2¢ indicates that p,’ of tissue
(measured on forearm, leg, and head) decreases by
less than 0.1% per nanometer change in wavelength.
The absorption coefficients of the main tissue chro-
mophores in the NIR (Hb, HbO,, and water) change
by up to 2% per nanometer. Therefore, by careful
selection of the wavelength range to maximize Ap,
changes, it is feasible that changes in n,’ can be
ignored.

(3) In the third experiment the absorption coeffi-
cient was estimated from attenuation, phase, and
modulation depth measurements for different light
source—detector distances. The literature”™° de-
scribes how the slope of attenuation and phase with
distance is sufficient to derive both p, and p,". For
the solid phantom used in Subsection 3.B.3, slopes of
0.109 OD/mm and —0.0460 rad/mm were measured.
Fitting p, and p,’" [in Egs. (1)-(3)] to these slopes
provides p,, and p,’ values of 0.0134 mm ' and 0.919
mm ', respectively. These values are in agreement
with the true values of the phantom. The main ad-
vantage of the method suggested here is that the
exact change in source—detector distance r does not
need to be known. A possible optode design could
incorporate a means to change r arbitrarily, e.g., by
mechanically sliding the detector or the sensor or by
optomechanical means over a few millimeters.

The main advantage of the method is its simplicity.
First, no reference measurements are necessary and
changes in A, ®, and M are measured rather than
absolute values. Furthermore, as a ratio @,, V,, @,,
or V, is exploited, it is not essential to know the
absolute magnitude of the changes (either Ap,, A\, or
Ar) that induce these ratios. Second, the aim of
most biomedical applications is to derive chro-
mophore concentrations, i.e., p,, whereas the scatter-
ing properties are of minor interest. Here, p, is
directly derived from quantities (,, V,, @,, or V,)
that are largely insensitive to w,” and are to a good
approximation dependent on p, only. Accordingly,
i, can be read directly from plots such as those
shown in Figs. 1(a), 2(a), 3(a), or 4(a), which can be
created as lookup tables, and the requirement for
data analysis is minimal. A single source—detector
distance r is sufficient to derive p, from @, or V; this
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might be advantageous for measurements of inhomo-
geneous media, such as tissue, for which different
source or detector positions might be sensitive to dif-
ferent volumes of the medium.

The analysis of Section 2 describes that a variation
in ' by a factor of 5 alters the estimate of ., by only
~20% if @, or @, is measured and by only a few
percent for measurements of V, or V,. For most
tissue types, the variability in p,’ can be expected to
be smaller than a factor of 2,23 limiting the uncer-
tainties in the estimate of p, to a few percent.

In the experiments on phantoms, described in Sec-
tion 3, it was demonstrated that measurements of
AA/AD or AD/B3M are equally able to derive ..
However, data measured in inhomogeneous media
such as tissue are likely to require a more careful
analysis. Arridge?® and Arridge and Schweiger26
have shown that different measurement functions
such as A, ®, or M have different sensitivities to
spatial variations in p,, p,’ that can be described in
terms of photon measurement density functions.
They demonstrate that intensity data are especially
sensitive to changes of ., near the light source or the
detector, i.e., close to the surface of the medium,
whereas ® is more susceptible to changes in deeper
tissue layers. ® and M probe similar volumes.
These spatial sensitivity differences among A, ®, and
M are of no consequence in homogeneous media in
which AA/A® and AP /3M measurements derive the
same p,. However, in inhomogeneous media, the
differences might be substantial. For example, any
changes in blood volume or oxygenation in a blood
vessel close to the surface can induce a large attenu-
ation change while ® and M remain largely unaf-
fected. Consequently, in highly inhomogeneous
media, it might be advantageous to base ., estima-
tions on A®/3M measurements. Furthermore, in
applications such as the Hb and HbO, monitoring of
brain tissue, the deeper penetration depth of ® and M
might be required for reduced probing of the skin and
skull of the head.

The work was supported by The Wellcome Trust.
The solid phantom used in the experiments was built
by M. Firbank.
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