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1 Introduction

Abstract. The absorption coefficient u,, scattering coefficient u,, and
anisotropy factor g of diluted and undiluted human blood (hematocrit
0.84 and 42.1%) are determined under flow conditions in the wave-
length range 250 to 1100 nm, covering the absorption bands of he-
moglobin. These values are obtained by high precision integrating
sphere measurements in combination with an optimized inverse
Monte Carlo simulation (IMCS). With a new algorithm, appropriate
effective phase functions could be evaluated for both blood concen-
trations using the IMCS. The best results are obtained using the
Reynolds-McCormick phase function with the variation factor «
=1.2 for hematocrit 0.84%, and a=1.7 for hematocrit 42.1%. The
obtained data are compared with the parameters given by the Mie
theory. The use of IMCS in combination with selected appropriate
effective phase functions make it possible to take into account the
nonspherical shape of erythrocytes, the phenomenon of coupled ab-
sorption and scattering, and multiple scattering and interference phe-
nomena. It is therefore possible for the first time to obtain reasonable
results for the optical behavior of human blood, even at high hemat-
ocrit and in high hemoglobin absorption areas. Moreover, the limita-
tions of the Mie theory describing the optical properties of blood can
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in the central part of the flow, leading to deviations of local
values of the hematocrit (Hct) from the bulk value, which is

A basic understanding of the light-scattering and absorption
properties of human blood is of increasing interest for a num-
ber of medical applications and for diagnostic purposes. The
description of the optical behavior of human blood is a com-
plex task: light is absorbed and scattered by the discoid-
shaped erythrocytes. This optical behavior is a result of the
highly concentrated hemoglobin content of the cell. The he-
moglobin causes a higher real part of the refractive index
compared to the surrounding plasma.' Hemoglobin shows dis-
tinct absorption peaks in the visible range, leading to in-
creased values in the imaginary part.l As a consequence, ab-
sorption can only take place within the cell and is not
independent of the scattering. Furthermore, the theoretical
mean distance between cells in blood of physiological con-
centration is of the order of their diameter. Under flow condi-
tions, the red blood cells tend to be more highly concentrated
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routinely determined for human blood. Therefore, the distance
between the cells becomes smaller in the center, and the cells
can even be in contact with one another. Therefore interfering
waves from neighboring cells cannot be neglected. In addi-
tion, absorption, shape, volume, alignment, and aggregation
of these cells changes with a number of other physiological
parameters such as oxygen saturation,” shear rate,”” or
osmolarity.**

As aresult, it is difficult to describe the optical behavior of
blood under these various conditions using analytical models
such as the Mie theory, because of the absence of theoretical
preconditions or their lack of flexibility. The double integrat-
ing sphere technique combined with inverse Monte Carlo
simulation (IMCS) has been established>’ as a useful means
of determination of the optical parameters of undiluted blood.
Integrating sphere measurements of undiluted blood in the
wavelength range of 400 to 570 nm are problematic, because
the high concentration of scattering cells combined with high
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absorption complicates the detection of ballistic photons, even
when very thin samples and highly intense light sources are
used. The ballistic photons are normally one of the three in-
dependent macroscopic measurement parameters.

According to the transport theory, the optical properties of
blood can be described by the intrinsic optical parameters
absorption coefficient u,,, scattering coefficient u,, and aniso-
tropy factor g. The IMCS calculates the photon trajectories on
the basis of a given phase function that describes the statisti-
cal angle distribution of a scattering event. For the description
of the optical behavior of flowing blood, it is necessary to
determine the appropriate effective phase function that allows
the description of the real radiation distribution within the
investigated medium,® including the phenomena of coupled
absorption and scattering, multiple scattering, or form factors
of the erythrocytes and their inhomogeneous local distribution
within the flow stream.

Several goniometric measurements of single cells or highly
diluted blood samples with a very thin sample thickness have
been carried out to evaluate phase functions for the single red
blood cell.”™'® It is clear that single scattering of individual red
blood cells cannot be extrapolated for the scattering of blood"!
of physiological concentration. An effective phase function
may depend on the hematocrit and wavelength, especially at
high absorption. There the reflection is increased, induced by
the increase in the complex refractive index, and the transmis-
sion is decreased by increased absorption within the cell.
Moreover, some investigations indicate that in the case of
high hematocrit levels, the scattering anisotropy of red blood
cells is strongly influenced by the flow conditions'*™** particu-
larly the shear-rate-dependent aggregation and disaggregation
phenomena®'>™'” Although there are a number of further stud-
ies about the optical parameters of blood, %" there is only
limited information available about the effective phase func-
tion of undiluted blood,”' and only for single wavelengths.

Most of the reported measurements of the intrinsic optical
parameters of blood fail to determine u, and g independently,
and present only the effective scattering coefficient u.. Al-
though the behavior of u,; and g of whole blood at increasing
absorption is of special physical interest for a better under-
standing of the interaction between the electromagnetic wave
and the densely packed erythrocytes, there is almost no data
available at the wavelengths where the absorption of hemo-
globin is high.

This work presents an evaluation of the effective phase
functions of diluted and undiluted flowing blood in the spec-
tral range of 250 to 1100 nm, including the regions of high
absorption. The flow conditions within the cuvettes should
correspond to those in arterioles of comparable diameters.
This was realized by keeping a constant wall shear rate, where
the shear rate decreases, depth dependent, toward the center
of the cuvette. Aggregation phenomena could not be exam-
ined because washed erythrocyte suspensions were investi-
gated.

Using the evaluated effective phase functions, all the pa-
rameters, i.e., absorption coefficient w,, scattering coefficient
M, and anisotropy factor g of blood for Het 0.84 and 42.1%,
could be determined independently at any wavelength. These
were obtained by high precision integrating sphere’” measure-
ments of diffuse reflectance, total transmission, and not only
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of ballistic photons but also of the collimated transmission
within an aperture of 5.3 deg. The collimated transmission
was increased by using extremely thin samples, down to
40 wm. An optimized IMCS based on Roggan et al.,” which
simulates the exact geometry of the experimental setup in-
cluding all kinds of radiation losses, was used with an error
threshold of 0.05%.

Inverse Monte Carlo simulations generally do not have this
precision. Yaroslavsky et al.,® for example, showed the impor-
tance of the right phase function by comparing the intrinsic
parameters of undiluted blood simulated with both Henyey-
Greenstein and Reynolds-McCormick (variation factor a=1)
phase functions with error thresholds of 0.5%. This led to a
successful simulation with w, values of 40 and 413 mm™',
respectively, which is a rather large range. The optimized
IMCS with reduced error threshold used in this work would
not accept the use of two quite different phase functions for
the same simulation dataset.

The determined intrinsic optical parameters of diluted and
undiluted blood were compared with data calculated by the
Mie theory.

2 Material and Methods
2.1 Blood Preparation

Fresh human erythrocytes from a healthy blood donor were
centrifuged three times and washed with isotonic phosphate
buffer (300 mosmol/L, pH 7.4) to remove the blood plasma
and free hemoglobin. The hematocrit was varied by diluting
the sample with buffer to values 0.84 and 42.1%, which cor-
respond to hemoglobin solution values of 0.27 and
12.9 g/dL, respectively. The hematocrit under static condi-
tions was determined using a red blood cell counter (Micros
60 OT 18, ABX Diagnostics, Montpellier, France), and the
oxygen saturation was measured with a blood gas analyzer
(OPTI Care, AVL Medizintechnik GmbH, Bad Homburg,
Germany). A miniaturized blood circulation setup was
adapted with a roller pump (Stockert Instruments GmbH,
Miinchen, Germany) and a blood reservoir, which was con-
stantly aerated with a gas mixture of O,, N,, and CO, to
maintain both the oxygen saturation (>99% ) and a constant
pH (7.4). The temperature was kept constant at 20 °C. The
blood was gently stirred within the reservoir to avoid creating
concentration inhomogenities caused by sedimentation or cell
aggregation. The blood was kept flowing by a specially de-
signed, turbulence-free cuvette with a laminar flow and a
sample thickness of 1020 and 116 wm for Hct 0.84 and
42.1%, respectively, which imitates the flow conditions in ar-
terioles of similar diameters. The flow was regulated for each
sample thickness to a constant wall shear rate of 600 s™! at
the cuvette windows. The shear rate decreases to values ap-
proaching zero at the center of the cuvette. Thus, the direction
of the incident light was parallel to the velocity gradient. For
additional measurements in the wavelength region at 415 nm
where the hemoglobin absorption is very high, a cuvette was
used with a sample thickness of 40 wm.

2.2 Experimental Setup

The macroscopic optical parameters, diffuse reflectance Ry,
the total transmission 7;, and the diffuse transmission 7,
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Fig. 1 Schematic diagram of the integrating sphere spectrometer. The reference beam goes via mirrors M3 to M5 into the integrating sphere. The

sample beam reaches the sample via mirrors M1 and M2.

(=T, —transmission within an aperture of 5.3 deg) of flowing
blood were measured every 5 nm in the spectral range from
250 to 1100 nm using an integrating sphere spectrometer
(Lambda 900, PerkinElmer, Rodgau-Jiigesheim, Germany),
which is a two-beam spectrometer with double monochro-
mator system (Fig. 1). The light source consists of a deute-
rium lamp for the UV range and a wolfram halogen lamp for
the visible/near infrared (NIR) range. The light intensity was
adapted to the absorption behavior of the sample to maintain
the intensity of the signal in the optimal range of the detec-
tors. This optical arrangement of a sample and a reference
beam compensates for light intensity shifts, and changes in
the inner sphere reflectivity by positioning the glass cuvette
onto the sphere. The cuvette can be fixed in defined position
at a constant distance to the sphere aperture, in front of or
behind the integrating sphere, to measure the transmittance or
reflectance spectra. For the measurement of 7, the reflectance
port is closed with a diffuse reflecting Spectralon® standard.
T, is measured after the standard is removed, so that nonscat-
tered and scattered transmitted light leaves the sphere within
an angle of 5.3 deg. R, is measured relative to the reflectance
standard by replacing the special Spectralon® standard with a
certified, known reflectance spectrum by the sample that is
inclined at an angle of 8 deg to the incoming light. The
Fresnel reflectance of the cuvette glass leaves the sphere
through the open Fresnel port to avoid interference with the
diffuse reflectance. This experimental setup allows the mea-
surement of macroscopic radiation distribution with an ex-
tremely reduced error potential. The accuracy of repetitive
measurements of the reflectance and transmission measure-
ments of a sample with defined optical properties (e.g., poly-
styrene spheres) was smaller than 0.01%. Measurements on
flowing blood resulted in an accuracy of 0.02%, probably
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induced by flow-dependent local

the Hct.

inhomogenities  in

2.3 Principle of Inverse Monte Carlo Simulation

The IMCS method, which was first presented by Roggan et
al.” could be well adapted to the geometry of the measure-
ment system. The IMCS, shown schematically in Fig. 2, uses
forward Monte Carlo simulations iteratively to calculate opti-
cal parameters u,, W, and g on the basis of a given phase
function and measured values R, T, and T% for reflection
and transmission. The forward simulation used in the present
study considers all kinds of radiation losses within the experi-
mental setup, including the simulation of the exact geometry
of the sample and the cuvette, the integrating sphere, the illu-
minating light beam, and all the diaphragms and apertures. A
precise consideration of the radiation losses reduces the error
with respect to the determination of the intrinsic parameters to
a minimum.

The IMCS presented here applies the Newton-Raphson
method?* to find an approximate solution of the nonlinear sys-
tem of Eq. (1),

Rd(ILLlI’ Mss g) = Ri\{/l
T o pin8) = T}

Td(:u’aw“mg) = TZI’ (1)

where the quantities on the left are the result of the forward
simulation.

As a starting value for the Newton-Raphson method, an
estimation of the parameters w,, u,, and g from the Kubelka-
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Fig. 2 Flow chart of the inverse Monte Carlo simulation.

Munk theory is used. The calculated RS, 5, and T% are then
compared to measured values RM ) Tﬁ” , and ™ )

ARYS = RY — RS
AT =TT}

ATYS =TY 75, (2)

c

In the case of a significant deviation in Eq. (2), the gradient
matrix (Jacobian matrix) for the set of functions Ry, T}, and T,
is calculated approximately with finite differences obtained by
forward simulations using slightly varied parameters. Then,
according to the Newton-Raphson method, a refined approxi-
mation of the optical parameters is calculated by solving the
following linear set of Eq. (3):

ORS ORS IR

&Ma alu'v (9g MS
‘ Au AR}
ars  ar’  ar “
—L =L L | Ap, | =| ATV | (3)
Iy s 08 Ag AT
ars  oars  Jars ¢
g s 98

Depending on the number of photons and the values of w, and
M, one forward simulation can take from a half to five min-
utes (Pentium processor with 400 MHz). The Newton-
Raphson procedure was repeated until the deviation between
measured and calculated R, T, and T; values was within the
given error threshold. For the calculation of the optical param-
eters by a known phase function, 10 to 20 iterations were used
on average (error threshold 0.1%). A total inversion process of
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such a calculation took 5 to 30 min. This was repeated for all
investigated wavelengths.

2.4 Possibility of Determination of the Intrinsic
Parameters

The found intrinsic parameters can be seen as the optical
properties of the sample, with the prerequisite that the trans-
formation function f(u,,u,,g)=>(R,;,T,,T,) is in one-to-
one correspondence. This underlying transformation function
is a priori unknown and depends not only on the phase func-
tion but also on the geometric position of the detectors, the
geometry of the illuminating light beam, the geometry and the
optical properties of the sample, and as a consequence, also
on the wavelength. Therefore the one-to-one correspondence
must be evaluated over the whole spectral range. Also, the
propagation of the errors in the measurement of Ry, T, and T,
into the resulting errors of the determined w,, iy, and g is not
directly predictable. Spectral ranges can exist where the sys-
tem is underdetermined, making it impossible, for example, to
determine u, and g independently. In special cases, the one-
to-one correspondence could be investigated by systemati-
cally searching for other u, and g pairs of identical u, values,
with which the IMCS remains below the error threshold. In all
simulations presented in this study, there is no indication that
an invalid one-to-one correspondence occurred at any time.

The high precision of the intensity measurement combined
with the high resolving simulation leads to the system regis-
tering small deviations in the specified boundary condition.
Examples of significant boundary conditions are the refractive
index of the cuvette glass or the space between cuvette and
aperture of the integrating sphere. Under certain conditions,
such as special wavelength ranges, sample properties, and ge-
ometries, the spatial distribution of the radiation losses can
influence the measured R, T}, and 7, values significantly.
This means additional information is registered. As a conse-
quence, with this system it is possible, for example, to find a
reasonable set of w,, wu,, and g values even when 7 is equal
to T,, i.e., there are only two independent measurement pa-
rameters. Furthermore, it is possible using all three measure-
ment parameters to evaluate the most appropriate effective
phase function that leads to the lowest error or gives the most
successful simulations at a fixed error threshold.

This IMCS makes it possible to compare different phase
functions such as Mie® and Henyey-Greenstein,Z(’ or to fit an
adaptable phase function to the optimal form such as the
Reynolds-McCormick phase function with the variation factor
«a, as shown in this work.

Equation (4) shows the Reynolds-McCormick phase func-
tion:

pGK(S,S’)
Nl (-
(1 92 (1= 8P(1 + - 28 cos ©)( )

(4)

where a@>-0.5 and [¢|<1 is a parameter from which the
anisotropy factor g (mean cosine of scattering angle ®) can
be calculated. p(s,s’) is the probability of scattering a photon
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with the direction s to the direction s’, where © is the angle
between s and s’.

2.5 Measurement Performance

Different phase functions and their dependence on wavelength
and hematocrit were investigated to evaluate the most appro-
priate effective phase function. A very time-consuming fit pro-
cedure (two to four weeks for five wavelengths) was used
with a possible total of 36 variation cycles and up to
108 photons per fit step with no given error threshold. The
lowest deviation that could be reached by the simulation
within a defined number of fit and variation steps indicates the
most appropriate effective phase function. The Ry, T;, and T,
values of five selected wavelengths for the two different he-
matocrits were used for the simulation.

In a second step, a procedure that uses less simulation time
(up to one week for the 171 wavelengths) but offers higher
precision was established to determine the effective phase
function. The procedure results in one effective phase func-
tion for the regarded wavelength range, assuming that the
phase function is independent of the wavelength. The IMCS
was carried out using Reynolds-McCormick phase functions
with different « values for the two hematocrits to find the best
phase function for the entire spectral range between 250 and
1100 nm. R, T,, and T, were measured every 5 nm resulting
in 171 datasets that had to be simulated by IMCS. To reduce
the calculation expense, the threshold for the error of each of
the three fitted signals was set to 0.05%), i.e., 10° to 107 start
photons were calculated in each fit step. During the fitting
procedure, the number of photons was increased dynamically
according to the precision required. If the simulation was un-
able to find a solution for the three intrinsic optical parameters
of a measured R;, T,, and T, dataset at a single wavelength,
the calculation was stopped, the dataset marked with “error,”
and the next pw,, u,, and g set was simulated. The final num-
ber of failed simulations occurring for the whole spectrum
(171 wavelengths) was counted for each simulation, depen-
dent on the variation factor a.

As described in Sec. 2.3, an error threshold of 0.1% was
used for the simulation of the intrinsic optical parameters of
blood using the determined effective phase functions. For
both hematocrits, a total of three independent measurement
series were carried out and independently simulated.

3 Results and Discussion

3.1 Investigation of Different Phase Functions
Depending on Wavelength and Hematocrit

Different phase functions were tested such as the Reynolds-
McCormick (RM) phase function, the Henyey-Greenstein
(HG), and the modified HG phase function. The IMCS with-
out error threshold was applied to averaged datasets of R, T,
and T, at 300, 415, 575, 700, and 900 nm for blood with Hct
0.84 and 42.1%. The best results were obtained with the
Reynolds-McCormick phase function. Figure 3 shows the
sum of the minimal absolute percentage deviation of R, T},
and T, for Hct 0.84% for the five wavelengths depending on
a, ranging from 0.5 to 3. Values of « smaller than 0.5 and
higher than 3 lead to much higher errors and are not shown.
The data show no indication of significant wavelength depen-
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Fig. 3 Sum of the minimal absolute percentage deviation of Ry, T,
and T, for Hct 0.84% for selected wavelengths and its mean values
dependent on variation factor a ranging from 0.5 to 3.

dence within this range. No wavelength dependence was ob-
tained for Hct 42.1% either. With regard to the mean values,
the optimal value of « appears to be in the range between 1
and 2 for diluted and undiluted blood.

3.2 Precise Evaluation of the Reynolds-McCormick
Phase Function Depending on Hematocrit

Due to wavelength independence, the more precise procedure
could be used to determine the effective phase function. Fig-
ure 4 shows the absolute number of datasets of the 171 in the
wavelength range 250 to 1100 nm that could not be success-
fully simulated dependent on « for Het 0.84 and 42.1%. From
these curves it can be deduced that the Reynolds-McCormick
(RM) phase function with « between 1.2 and 1.3 is the best
effective phase function for describing the real scattering be-
havior of flowing blood with Hct 0.84%. For undiluted blood
with Hct 41.2%, the best effective phase function can be ob-
tained with a between 1.6 and 1.8.
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Fig. 4 Absolute number of unsuccessfully simulated datasets for nine
simulations with different a values.
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Fig. 5 (a) Absorption coefficient u,, (b) scattering coefficient u,, (c) anisotropy factor g, and (d) reduced scattering coefficient u. of flowing red
blood cells (wall shear rate 600 s~') with a hematocrit value of 0.84% in the wavelength range 250 to 1100 nm, compared to u, of a hemoglobin

solution (0.27 g/dL), to values calculated by the Mie theory and to data from the literature.

For the diluted blood, the result is in agreement with data
from Yaroslavsky et al.' and Hammer et al.” obtained by
goniometric measurements, indicating that the optimal « is 1
and 1.5, respectively. Hammer et al.” also found the RM-
phase function to be wavelength independent in the range
489 to 690 nm. However, the « value for undiluted blood is
in contrast to the results presented by Hammer et al.,*! who
found the optimal effective phase function with «=0.49 (HG
phase function) at 514 nm. Using the HG phase function in
the Monte Carlo simulation used in this work allows no suc-
cessful simulation at 514 nm and leads to 77% error datasets
for the wavelength range 250 to 1100 nm.

3.3 Optical Parameters of Diluted Blood

Using the evaluated Reynolds-McCormick phase functions
with a=1.25 for blood with Hct 0.84% and 1.7 for blood with
Hct 42.1%, the absorption coefficient u,, the scattering coef-
ficient u,, and the anisotropy factor g were determined in the
wavelength range 250 to 1100 nm. Figure 5 shows the spec-
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tra of w,, M g, and ,u: as mean values of the simulation of
three different R;, T, and 7, measurements compared with
literature data and data calculated using the Mie theory for
spherical scatterers of the same mean volume and complex
refractive index as the measured erythrocytes. Where neces-
sary, the literature data were rescaled. The error bars are stan-
dard deviations (SD) for selected wavelengths. For u,, the
mean relative SD averaged over all 171 wavelengths is 1.9%,
ranging from 0.06 to 8%. The mean SD for u, and g is 0.85%
(0.06 to 4.8%) and 0.036% (0.001 to 0.26%), respectively,
leading to a mean SD of 1.6% for u, (0.11 to 28.8%). For w,,
the spectrum of a hemoglobin (Hb) solution of the same Hb
content is also shown. The absorption spectrum shows the
typical maxima of oxygenated Hb at 415 nm and the double
peak at 540 and 575 nm. The Mie curve is comparable to the
measured absorption in the range of low absorption above
600 nm. At higher absorptions, Mie values are lower with a
maximal difference of about 30% in the range around
500 nm. The absorption of the Hb solution shows only dis-
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tinctly higher values at the highest w, peaks. If absorption
decreases, the difference between the u, values of the Hb
solution and blood decreases. This can be explained by the
Sieve effect. When light passes through a suspension of ab-
sorbing particles, such as blood, photons that do not encounter
red blood cells pass unattenuated by absorption. As a conse-
quence, the transmitted light intensity is higher than it would
be if all the hemoglobin were uniformly dispersed in the so-
lution. The magnitude of this effect increases with increasing
M, and decreasing Hct.”” This phenomenon is also known as
“absorption flattening,” because the heights of peaks in an
absorption spectrum for a suspension are depressed relative to
those for a homogeneous solution of the same average con-
centration. This describes exactly the effect observed in Fig 5.
The spectrum of the scattering coefficient shows, in principle,
a similar shape to that calculated by the Mie theory but is on
average 22% lower, dependent on the wavelength. The values
of Hammer et al.”' using the anomalous diffraction theory do
not appear to give better agreement.

The anisotropy factor g between 600 and 1100 nm is in
the range of 0.99 and is identical to that calculated with the
Mie theory. The Mie curve is obtained using the complex
refractive index of hemoglobin®™ and shows at 415 nm the
typical shape corresponding to the refractive index and indi-
cates anomalous dispersion. The g value of 0.9818 deter-
mined by Steinke and Sheperd" at 633 nm for blood of a
similar concentration is distinctly lower. Below 600 nm, the
measured values start to decrease compared to the Mie theory.
The curve of g seems to be inversely related to the absorption
spectrum, leading to a distinct minimum of 0.805 at 415 nm.
That means that the anisotropy factor at this Hct can be only
described by the Mie theory if the hemoglobin absorption is
very low.

The w. spectrum is in principle the mirror image of the g
spectrum. Analogous to ug, the effective scattering coefficient
M. in the range 460 to 1100 nm is on average 24% lower
than the Mie theoretical values. Below 460 nm, the influence
of the strongly decreasing g factor becomes dominant and .
increases similarly, far above the values given by the Mie
theory. There is currently no other data available in this high
absorption region.

3.4 Optical Parameters of Blood in Physiological
Concentration

Figure 6 shows the spectra of u,, u, g, and u. as mean
values of the simulation of three different R, 7,, and 7, mea-
surements for Hect 42.1% compared to the literature data and
the Mie theory. Where necessary, the literature data were res-
caled to Hct 42.1%. Equivalent to Fig. 5, the error bars are
standard deviations (SD) for selected wavelengths. For w,,
the mean relative SD is 3.1%, ranging from 0.03 to 42.9%.
The mean SD for u, and g is 3.9% (0.012 to 39.5%) and
0.44% (0.001 to 8.7%), respectively, leading to a mean SD of
2.54% for ., (0.006 to 29.6%). For u,, the spectrum of an Hb
solution at the same Hb concentration is also shown. The
relative differences between the measured spectra and the Mie
curve are very similar to the ones at Hct 0.84%, indicating
that the dependence of w, on the Hct is linear and indepen-
dent of the wavelength. Compared to the measurements of
Hct 0.84%, the w, peaks of blood and the Hb solution show a
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similar difference, indicating an unchanged Sieve effect in
contrast to the expected decrease at increased Hct. Only in the
range below 400 nm is the difference smaller. The highest w,
value is reached at 415 nm with 105.9 mm~'. Note that in
contrast to the Sieve effect, all u, data from the literature>”"?!
(all values determined with IMCS with exception of
Reynoldsls) are higher than the absorption spectrum of the Hb
solution of the same Hb content. This could be explained by
the previously discussed problem of determination of light
losses in the IMCS. If some of the losses in radiation are
neglected, the consequence would be an overestimation of u,.

As discussed for the diluted blood, the spectrum of the
scattering coefficient of undiluted blood shows in principle a
similar form to the curve given by the Mie theory. This was
obtained from the Mie scattering cross section gy using the
approximation equation® u,=Hct(1—Hct)(o,/V), where V is
the volume of the scatterer. However, depending on wave-
length, the measured values are on average 59% lower, indi-
cating that the prerequisite of independent scattering without
interference phenomena is gradually eliminated by the de-
crease in the mean distances between the cells as discussed by
Faber et al.” The data of Yaroslavsky et al.” Reynolds,'"® and
Roggan et al.? confirms the measurements presented here in
contrast to the Mie theoretical values. An exception to this is
Hammer et al.”' who presented data at 514 nm, even higher
than the value given by the Mie theory.

In contrast to the diluted blood, the anisotropy factor g is
distinctly lower than the Mie theoretical g values in the wave-
length range 600 to 1100 nm, and no value is above 0.97. In
a similar way to the spectrum of the diluted blood, the mea-
sured values start to decrease in contrast to the Mie theory
below 600 nm, and the decrease is also related to the absorp-
tion spectrum but is more pronounced, leading to a minimum
of 0.66 at 415 nm. The values of Hammer et al.> at 514 nm
and Roggan et al.> at 633 nm are in good agreement with the
simulated data. However, the data of Reynolds18 and Yaro-
slavsky et al.” at 810, 960, and 1064 nm is in agreement with
the Mie theory.

In the range of 600 to 1100 nm, the effective scattering
coefficient u, agrees well with the Mie theory with values
between 1.9 and 2.27 mm~'. Below 600 nm, ,u,s’ shows dis-
tinct maxima corresponding to the minima of the anisotropy
factor and is up to 12 times (415 nm) higher than values
calculated with the Mie theory. The data presented by Roggan
et al.® (flowing blood, IMCS) and Enejder et al.* (flowing
bovine blood, IMCS) is in good agreement with the data
shown here, whereas the data of Yaroslavsky et al.” (IMCS)
and Reynoldsl8 at 810, 960, and 1064 nm is much lower
(0.5 to 0.7 mm™'). Hammer et al.*' (angle-resolved MCS)
determined !/ with 6.18 mm~! at 514 nm, which is 2.38
times higher than the values presented in this work.

3.5 General Discussion
3.5.1 Evaluation of the Phase Function

The Reynolds-McCormick phase function has been identified
as an appropriate effective phase function of blood, being de-
pendent on cell concentration. However, no evidence was
found for dependence on wavelength within the observed
range for both of the investigated blood concentrations. This
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Fig. 6 (a) Absorption coefficient u,, (b) scattering coefficient u,, (c) anisotropy factor g, and (d) reduced scattering coefficient u. of flowing red
blood cells (wall shear rate 600 s7') with a hematocrit value of 42.1% in the wavelength range 250 to 1100 nm, compared to u, of a hemoglobin

solution (12.9 g/dL), to values calculated by the Mie theory and to various data from the literature.

means that the influence of wavelength, including changes in
absorption over almost 4 orders of magnitude, can only be
considered by adaptation of the anisotropy factor g. Changes
in hematocrit leading to changes in occurrence of multiple
scattering and interference phenomena needs the variation of
both g and a. In principle, these results are in agreement with
Hammer et al.,9 who found the effective phase function
(RM, @=1.5) for highly diluted blood wavelength indepen-
dent in the spectral region 489 to 690 nm, including absorp-
tion changes by two orders of magnitude. The quite different
phase function (RM,@=0.49) determined for nondiluted
blood via angle-resolved IMCS at 514 nm also indicates con-
centration dependence.21 In contrast to the results in this
work, the variation factor & decreases with increasing blood
concentration.

It should be mentioned that the MCS is based on the as-
sumption of constant optical parameters in the considered
area. Therefore, spatial variations in the Hct caused by flow
dependent radial diffusion must be accounted for by the ef-
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fective phase function. Consequently, the cuvette thickness
combined with the Hct also has an influence on the evaluation
of the effective phase function, because the radial diffusion,
which leads to local inhomogenities in Hct, is dependent on
the cuvette thickness.

3.5.2 Comparison With Mie Theory

For blood in physiological concentrations, the Mie theory of-
fers a good description of the absorption coefficient in the
range 600 to 1100 nm. In the spectral region of high absorp-
tion, the Mie theory underestimates p,, with maximal devia-
tions of up to 35%. However, it fails to adequately describe
the scattering parameters. There is only sufficient agreement
for u! in the wavelength range 600 to 1100 nm. This is not
entirely unexpected with respect to the differences between
flowing blood cells and single ideal spheres, and the condi-
tions for applying the Mie theory. In addition to the non-
spherical discoid shape of red blood cells, optically relevant
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parameters such as hemoglobin content, mean cell volume,
and hemoglobin concentration of an erythrocyte show a wide
statistical range. For example, the volume of the cells ranges
from 20 to 200 wm? and gives a mean cell volume of about
90 um?.

The mean distance between the cells even in diluted blood
with a Hct of 0.84% is not large enough to ensure that the
requirements of independent single scattering are fulfilled.
Nilsson et al."" gave the boundary condition for independent
scattering as a minimum of three times the radius of the scat-
terer. Under flow conditions, axial migration occurs where the
cells tend to move into the center of a vessel or cuvette, in-
ducing local inhomogenities in Hct. As a consequence, in un-
diluted blood, collective scattering becomes increasingly
important.”

The Mie theory can only be used for calculating the aniso-
tropy factor of flowing, highly diluted blood in spectral ranges
where the hemoglobin absorption is low. With the cuvette
thickness used for this hematocrit, axial migration is less pro-
nounced than it is at the lower thickness used for the undi-
luted blood. The value for u; may be predicted at blood con-
centrations lower than Hct 0.84%, where the requirements for
independent scattering are completely fulfilled. The most sig-
nificant difference between the measured optical parameters
and those predicted by the Mie theory, independent of Hct, is
the fact that the anisotropy factor is found to be significantly
influenced by the absorption of the scattering particle. As ex-
pected, the increase in the complex refractive index results
therefore in an increase in the reflection and a decrease in
transmittance, resulting in increased backscattering of the
photons.

The Mie theory seems to exhibit this behavior, too, but at
absorption values a hundred times higher, where the imagi-
nary part of the refractive index predominates over the real
part. This difference is due to the high anisotropic discoid
shape of the red blood cells. This has been found in ongoing
investigations. So far, it has been proven that when the eryth-
rocytes were made to swell to more spheroid forms by reduc-
ing the osmolarity, they approximate the values given by the
Mie theory. A reduction in the wall shear rate led to the same
effect, because randomization of the cells increases, whereas
alignment5 and deformation of the cells decreases, leading to
more spherical geometries. According to the investigation of
Gandjbakhche et al."” and Bayer et al..® the red blood cells
should have a deformability index of approximately 0.2 and
an elongation coefficient of 0.1 under the shear rate and vis-
cosity conditions of the present experiments.

4 Conclusion

In this study, a high precision integrating sphere setup for
measuring Ry, T}, and T; in combination with a high resolving
IMCS is used to determine the intrinsic optical parameters of
diluted and undiluted human blood under flow conditions in
the wavelength range 250 to 1100 nm. Using a new algo-
rithm, an appropriate effective phase function could be evalu-
ated for both blood concentrations within the IMCS. Minimal
errors in the simulation could be effected using the Reynolds-
McCormick phase function with a variation factor a=1.25 for
Hct 0.84% and a=1.7 for Hct 42.1%, respectively. Signifi-
cant wavelength dependence of the variation factor is not ob-

Journal of Biomedical Optics

034021-9

served. Using these evaluated effective phase functions, the
intrinsic parameters u,, i, and g of blood of physiological
red blood cell concentration as well as for diluted blood are
obtained separately in the whole of the spectral range, cover-
ing the high absorption bands of hemoglobin. A comparison
with the Mie theory calculated for spheres of the same com-
plex refractive index and mean volume showed that the Mie
theory can generally be used for predicting the absorption
coefficient in the wavelength range 600 to 1100 nm where
M, is low. Using the frequently used approximation function
u,=Hct(1-Hct)(o,/V), the scattering coefficient may only
be estimated by the Mie theory for highly diluted blood
(<Hct 1 %), and the anisotropy factor can only be predicted
for diluted blood (Hct=1%) in the spectral range where the
Hb absorption is low (600 to 1100 nm). For undiluted blood,
only the effective scattering coefficient u, can be estimated in
the wavelength range 600 to 1100 nm. In the spectral range
of high absorption, u, is for both diluted and undiluted blood
up to 12 times higher than values calculated by the Mie
theory. The limitations of the Mie theory describing the opti-
cal properties of blood could be overcome by the use of the
transport equation with an effective phase function. In con-
trast to the Mie theory, the use of the IMCS in combination
with selected appropriate effective phase functions takes into
consideration the nonspherical shape of the red blood cells,
the phenomenon of coupled absorption and scattering, mul-
tiple scattering, and interference phenomena between close
neighboring cells and inhomogeneous local distribution
within the flow stream. Therefore, for the first time, reason-
able results can be obtained for the optical behavior of human
blood, even at high hematocrit and high hemoglobin absorp-
tion areas.
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