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The Effect of Light Losses in Double Integrating
Spheres on Optical Properties Estimation

G. de Vries, J. F. Beek, G. W. Lucassen, and M. J. C. van Gemert

Abstract—The double integrating sphere setup (DIS) mea- bling algorithm (IAD) to estimate optical properties in vitro
sures diffuse reflectance, diffuse transmittance and collimated experimentally. Measuring the diffuse reflectande;) and
transmittance, from which the optical properties of tissue (the diffuse and collimated transmittancd( and 7.) from an

C

absorption coefficient n., the scattering coefficienty, and the . . . . -
anisotropy of scattering g) are estimated. The effect of light irradiated slab of tissue held by two glass slides in between

losses in the DIS and optical thickness on optical properties the spheres, the optical properties of the slab are estimated
estimation by the inverse adding doubling algorithm (IAD) and by solving the inverse problem. It is tacticly assumed that a

uniqueness of measurement have been investigated using a Monteynique relation exists between the three measured values of

Carlo method. Results were obtained for optical properties in ;
turbid tissues (.80 < albedo < 0.99,0.80 < anisotropy < ref:gct;emce andt transmlttancﬁci(’ T‘i’ angC) and the set of
0.99,1.5 < optical thickness < 7.5) sandwiched between glass OPUcal parame ers, jis, andg) [11-{3].

slides. At optical thickness= 6.0 the loss of light through the A problem may arise if light losses occurring through glass
glass slides is ranging from13% =+ 0.5% (at albedo = 0.80) to  slides and ports in the spheres are not taken into account

15% =+ 0.5% (at albedo = 0.98) of the incident power. The loss correctly in the algorithm. Beekt al. hypothesized that light
of light at the exit port in the transmittance sphere is increasing losses at the sides of the sample result in overestimation of

upto 50% of the incident power at highly forward scattering. . e
These losses result in a dependency on optical thickness of thethe absorption coefficient and an erroneous dependence of the

optical properties estimation by the IAD algorithm. Furthermore, ~ Obtained optical properties on the physical sample thickness
because of these losses, the DIS setup measurement is founfd], [5]. This especially occurs in samples with low absorption

to be fundamentally nonunique, when simultaneously measur- and high scattering coefficients. Monte Carlo (MC) and inverse
ing the diffuse reflectance, diffuse transmittance and collimated Monte Carlo (IMC) algorithms include a correction for losses
transmittance. _ _ _ _ at the sides of the sample [6]-[8]. Rogganal. avoided the
Index Terms—Absorption, anisotropy, inverse adding dou- effect of loss of light through the exit port in the transmittance
lblmg, mteg_ratllng spheres, inverse Monte Carlo, uniqueness, light gphere by measuring the collimated transmittance separately
osses, optical properties, scattering, tissue optics. [7]. However, losses through the exit ports in the spheres were
not reported to cause erroneous solutions.
I. INTRODUCTION The purpose of this paper is to show that utilization of

HE ACCURATE determination of optical properties ofthe DIS seFup to estimate opt.ical properties of tissues fails
T tissues is important for the understanding and predicti@ly'® t0: 1) light losses at the side of the sample and through
of propagation and distribution of light in tissues. In tissul® €xit ports in the DIS; 2) optical thickness dependence
optics, propagation and distribution of light in biologicaP! €stimations by the IAD algorithm; and 3) nonunique DIS
tissue are described by the radiative transport equation, whidgasurements.
relates the space dependence of the radiance to the tissue
optical properties. We will use the albedo(—), the optical Il. METHODS
thicknessr (—) and the anisotropy factar (—). The albedo  The sample with glass slides sandwiched by the two inte-
is defined as the ratio of the scattering coefficieat(cm=!) grating spheres are considered as a “black box” with specific
to the attenuation coefficient; = ps + 1q, Where u, is reflectance and transmittance. A multilayer Monte Carlo al-
the absorption coefficient (cm). The optical thickness is gorithm, developed by Keijzeet al. [9], has been modified
defined as the sample thickness multiplied by the attenuatien calculate the absorption in the sample, the reflectances
coefficient. The anisotropy factor is defined as the mean cosered transmittances from the sample and loss of light through
of the scattering angle. the glass slides and sphere ports. By tracing the paths of

Up to today, many investigators have used the douliledividual photons, absorption, reflectance and transmittance
integrating sphere setup (DIS) with the inverse adding dogre estimated.
Two cases of illumination are considered: First, a collimated
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Fig. 1. The double integrating sphere setup implemented in the MC modg]. d;, and d. are reflectance, transmittance and collimated light
detectors respectively.)
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Fig. 3. Isolines of relative powers measured in the reflectance and trans-
. ] mittance spheres (solid’-%, dashed};%, respectively) at optical thickness

_ 0.8 08 ) 7 = 6.0. Note the dots which mark the same measured vdlif#sat different
albedo (-) anisotropy (=) . :

Py optical parameters. The dark area represents the cases for which the IAD

Fig. 2. Loss of light through exit port in the transmittance sphere relative ?dgorlthm does not converge to a solution.
the power entering the setup. The optical thickness is 6.0.

The adding—doubling (AD) algorithm calculates the re-

by detectors in the reflectance and transmittance sphefrlg%tanCe and_transrmttance for a thin S'?b .W'th predefined
ical properties using the equation of radiative transfer. The

: - 0
;ﬂ:};\;i;ﬁytg/e%? Z\LVS;/LZC'?(S:'{GE&Z? S(Zt)ugn\évz%)c;;w::ﬁeflection and transmission of a slab with arbitrary thickness

i T £70, TESPe Y, N are found by repeatedly doubling the thin slab until the
by Pickeringet al. [1]). The _colllmated transm|SS|o_n POWET jasired thickness is reached and the reflection and transmission
(V%) was calculated analytically asp() by assuming that of a multilayer geometry are found by adding slabs. The
the probability for a scattered photon to hit the coIIimateﬁiWerse method to estimate the optical properties from DIS

trans:mission de'tector is nggligible. ) measurements is identical to the MC algorithm described
It is not possible to estimate the optical parameters frogy e 3].

the measured parameter quantities analytically. Therefore, afrhe effect of light losses on uniqueness of measurement
inverse method is used. The inverse method is an iteratiyRq optical properties estimation was investigated at an albedo
process of comparing relative powers estimated by meansjpfthe range0.8 < o < 0.99, anisotropy0.8 < g < 0.99
computer simulations with measured relative powers, varyiggd optical thickness = 6.0 [2], [11]. The effect of optical
predefined optical parameters. If the results matched withifickness on optical properties estimation was investigated at
the error of measurement, it was assumed that the optigal albedoz = 0.98, an anisotropyy = 0.98 and an optical
parameter values were found. The minimization method usgfickness ranging from.5 < + < 7.5. The refractive indices
is the simplex algorithm [10]. of the sample and glass slides were 1.37 and 1.5, respectively.
The geometry implemented in the MC algorithm is showfhe thickness of the sample and glass slides was 0.5 and 0.7
in Fig. 1. mm, respectively.
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Fig. 4. Algorithm to compare IAD and IMC solutions. The input values are- 0.98, g = 0.98, 1.5 < 7 < 7.5.

[ll. RESULTS albedo ()

The loss of light through the exit port in the transmittance | T * — M "
sphere is shown in Fig. 2. The light losses through the glass, ¢ | 4.

slides at 0.8< ¢ < 0.98, 0.80< ¢ <0.98,7 = 6.0 range from /:/ '
13%+ 0.5% to 15%t 0.5% of the incident power (from = 0.8 PR '
0.80 to a = 0.98, respectively). The light losses through the A
aperture in the reflectance sphere and through the transmittance g
sphere for diffuse irradiation of the sample are less than 1%.0.6
Detected powers for = 6.0 are shown in Fig. 3. As a result
of the increase of light loss in the transmittance sphere at higho-5 _
anisotropy, the relative powers measured in the transmittance 4 )
sphere decrease. Hence isolines cross twice. The two detected
powersV,.% andV,;% and the collimated powéf.% found by 0.3
the IMC algorithm were used as input for the IAD algorithm.
It was found that the IAD does not converge to a solution for
g > 0.94, as is depicted by the dark area in Fig. 3. @
With the MC programme the relative powers have beenamgotropy()
calculated of a sample with optical properties= 0.98, ] ; . . .

—

1 2 3 4 5 6 7 8
optical thickness (-)

g = 0.98 and varying the optical thickness (k57 57.5). o T
These results have been used as input in the IMC and IAD?? m A
algorithms, see Fig. 4. In Fig. 5 the results, of the procedureg g AT
as described in Fig. 4, are shown of the optical properties RO
found by the IMC and IAD algorithms. The IMC algorithm 0.7
found two solutions: IMCa and IMCb. 06 "

IV. DISCUSSION 0.5

By Prahlet al. and Yaroslavskyet al. it has been assumed 0.4
that the solution of the inverse problem is unique [3], [8].

This assumption was made reasonable by plotting the total’-> 1 ) 3 4 5 6 7 P
diffuse reflectance and transmittance both in the same graph. optical thickness )
However, the light losses in the integrating sphere setup, which ()

influence the measured powers, were not considered. The llg‘a 5. (a) Albedos and (b) anisotropies found by IMC and IAD algorithms
of light through the exit port is mainly dependent on theyr 1.5< 7 < 7.5, using the algorithm shown in Fig. 4. The original input is
anisotropy factor, as is shown in Fig. 2, while the loss at the= 0.98, g = 0.98 (: IMCa. m: IMCb. a: IAD).
side of the sample is approximately constant. As the anisotropy
and the albedo are independent optical properties, the light Iéastor compared to the IMC algorithm. This confirms the
in the transmission sphere and the absorption in the sample laypothesis that DIS in combination with IAD overestimates
independent as well. Thus two absorption-loss combinatiothe absorption in the sample [4], [5].
can both result in the same measured powers as is shown ithe IAD algorithm does not converge for every set of
Fig. 3, i.e., the DIS measurement is found to be fundamentatiptical properties, as can be seen in Fig. 3. This has led
nonunique. previous investigators to discard some measurements [4]. The
Ideally, the output of the IAD algorithm would be identicaimplicit assumption in the IAD method of negligible light loss
to the input of the MC algorithm if light losses do not occurexplicitly fails in these cases. If the IMC algorithm estimates
However, because of the light losses, the IAD algorithmnisotropiesy > 0.94, the IAD algorithm does not converge.
overestimates the albedo and underestimates the anisotrbpgase of a nonunique solution, the IAD algorithm returns
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the solution with minimal loss of light, as is shown in Fig. 5[10] W. H. Press, B. P. Flannery, P. S. A. Teukolsky, and W. T. Vetterling,

resulting in a dependency on optical thickness.
Press, 1989.

Numerical Recipes in Pascal Cambridge, U.K.: Cambridge Univ.

[11] W. F. Cheong, S. A. Prahl, and A. J. Welch, “Review of optical

V. CONCLUSION

properties of biological tissuesJEEE J. Quantum Electronvol. 25,

pp. 2166-2185, 1990.

An IMC Algorithm of the DIS setup has been developed to
estimate the light losses in the DIS setup. The loss through
the exit port in the transmission sphere is mainly dependent
on the anisotropy of scattering. Thus, more than one albedga
anisotropy combination can result in identical detected powe
i.e., the DIS setup fails to measure optical properties of hig
light scattering tissues. y

In case of a nonunique solution the IAD converged to tt
solution estimated by IMC with the highest losses. This resu
in a dependency of optical properties on optical thicknes
If the IMC estimatesg > 0.94, the IAD algorithm does
not converge. Hence, because of the light losses, the IAD
algorithm fails as method to estimate optical properties from
DIS measurements, in this range of anisotropy.
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