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Abstract 
The behaviour of light interaction with biological tissue is determined by micro-optical parameters: refractive index (n), 
absorption coefficient (µa), scattering coefficient (µs), and anisotropy (g). The goal of this study is to measure the 
optical properties of normal whole blood using He-Ne laser (wavelength 632.8 nm).  
The refractive index is measured using the traveller microscope. The integrating sphere method is used to measure the 
macro-optical parameters: total diffusive reflectance, transmittance, and collimated transmittance at wavelength 632.8 
nm. The macro-optical parameters are fed to Inverse Adding Doubling (IAD) theoretical technique, to estimate the 
micro-optical parameters (µs, µa, g). An alternative practical method is used to measure the g value based on utilising 
the goniometric table. The study reveals that the refractive index (n) equals 1.395±0.0547, absorption coefficient (µa) 
equals 2.37 mm-1, scattering coefficient (µs) equals 55.69 mm-1, and anisotropy (g) equals 0.82. 
In conclusion, these findings approved, in general, the applicability of the suggested experimental set up. The set up 
depend on using three devices: the integrating sphere method to estimate (µs, µa, g), traveller microscope (n) and 
goniometer (g). 
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Introduction 

The blood of healthy adults is composed of red blood cells 
(RBCs, 4,500103/L blood), platelets (300103/L blood), white 
blood cells (WBCs, 8103/L blood), and blood plasma (consists 
of water, electrolytes, plasma proteins, carbohydrates, lipid and 
desperate extracellular vesicles). The volume percentage of 
RBCs in blood is called haematocrit (hct). On average amount, 
RBCs make up 40% of the blood found in adult females and 
45% of the blood found in adult males. Haemoglobin is the 
main component of RBC with concentration of ±350 g/L in a 
cell volume ±90 fL (adult male and female is 140 g/L and 
155 g/L respectively) [1,2]. In non-activated state, RBCs is a 
discoid cell with diameter 2-4 µm and thickness 0.5-2 µm [3]. 
 In recent years, light has been used in several medical 
applications. For better results of treatment and clinical 
diagnostic, the distribution and propagation of light within 
biological tissues must be determined properly. This can be 
achieved by measuring the micro-optical parameters of the 
interested biological tissues. 
 There are different methods used to describe the distribution 
and propagation of light in biological medium. However, 
Radiative Transfer Equation (RTE) is favourable as it only 
depends on energy; unlike the fundamental transport theory for

Maxwell equations, which is suffer short outcome due to its 
complex analysis along with the fact that the polarization effect 
is taken into consideration [4]. Analytically, the general 
solution for RTE is difficult to derive; hence, simplified models 
have been used. For instance, Kubelka-Munks [5] approach has 
been widely used to measure the absorption and scattering 
coefficients of biological tissues [6-8] that is more applicable 
for high scatter medium [9]. On the other hand, several authors 
have used the diffusion approximation of RTE in the analysis 
of biological samples [10-12]. Recently, two novel methods 
have been utilized: the Inverse Adding-Doubling (IAD) 
approach [13] and the Inverse Monte Carlo simulation method 
[14,15]. Although there are several well-established methods 
used to measure the optical properties of whole blood, further 
studies are required to develop and suggest novel experimental 
set up and techniques used to estimate the micro-optical 
properties more accurately. 
 In this investigation, the micro-optical properties of the 
whole blood are measured using double integrating sphere 
arrangement with He-Ne laser (632.8 nm) as coherent light 
source. An alternative method of measuring the refractive 
index, based on using the traveller microscope, is proposed. 
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Theoretical background 

The behaviour of light as it propagates in biological tissues is 
described by integro-differential equation that relates the 
gradient of the radiance (intensity, ����, �̂�), i.e. the travelling of 
a photon power (Wm-2sr-1), at a position �� in the direction �̂ to 
attenuate by absorption and scattering, as [16]: 

�̂. ∇�������, �̂� + �����, �̂� =
��
��
� ���̂, �′���� ����, �̂��Ω Eq. 1 

where ��= � + ��is the attenuation coefficient in mm-1, �is 
the scattering coefficient, � is the absorption coefficient, �Ω	is 

the differential solid angle about the direction �̂, and ���̂, �′��is 

the phase function, i.e. probability density function to describe 

a photon in �̂ direction changes to �′�  direction. Usually, the 
phase function is normalized to unity to provide equal 
probability direction for the scattered photon. 

� ��cos�"���� �Ω Eq. 2 

For biological media, ��cos�"�� is normally defined by 

Henyey-Greenstien phase function [4,17] that is expressed as: 

��cos�"�� = #

��
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  Eq. 3 

where g is the anisotropy which is defined as the mean cosine 
of the scattered photons, expressed as: 

. =
� /�)*+�,��)*+�,�0123

� /�)*+�,��0123
  Eq. 4 

The anisotropy has ranges from -1, for complete backward 
scattering, up to +1, for complete forward scattering, and is 
equal to zero for homogeneous scattering, i.e. similar scattering 
in all directions. Experimentally, the anisotropy is measured by 
estimating the light intensities at various scattering using a 
goniometer table. To enhance the detected signal an integrating 
a convex lens with 10 mm focal length is fixed on the 
goniometer table. The g values can be estimated by the average 
cosine of the scattering angle [6], as: 

. =
∑ 56)*+�,6�6

∑ 566
 Eq. 5  

the sums are over all i th of the scattering angle and intensities. 
Hence, the obtained g values can be compared with those 
found from IAD technique. Two dimensionless parameters can 
also been obtained from applying IDA: albedo (a) and the 
optical depth (d). Albedo is defined as the ratio of the reflected 
to incident intensities scattering coefficient and which can be 
found by using the expression [17]. 

7 = ��
�8'��

 Eq. 6 

It approaches a limit of one if the scattering coefficient is 
dominant, and zero if the absorption coefficient is dominant. 
The optical length [13] described as the thickness of a sample 
is expressed as: 

9 = ��� + �� Eq. 7 

The refractive index (n) of the sample and holder plays an 
essential role on the light path that is measured by a travelling 
microscope. The application of the travelling microscope 
depends on comparing the real depth to the apparent depth 
through the use of the following equation: 

: = 0;$0-
0&$0-

 Eq. 8 

where �# − �=	and	�( − �= are the real and apparent depths 
respectively. The measured n is compared with conventional 
methods of minimum deviation using an equilateral hollow 
prism made of thin quartz sides [18]. The advantage of using 
the traveller microscope is that only a few drops of RBC are 
required. 
 To apply IAD method [13], three raw light intensities are 
required: diffuse reflectance Rd, total diffuse transmittance Td, 
and collimated transmittance Tc. The micro-optical parameters, 
hence, can be found (refer to Table 2). 
 The anisotropy g value is measured by irradiating the blood 
sample, placed carefully between two slides glasses, with He-
Ne laser beam (λ = 632.8 nm). The scattered intensities, at 
different angles, were estimated by fixing fiber optics 
connected with a camera at the edge of a goniometer [6]. The 
signal at different angles of 5 deg increments from the blood 
sample is measured through fiber optics, which is connected to 
a PC to analyze the intensity of the signal. 
 

Experimental 

The blood sample was drawn from a volunteer in the clinical 
laboratory. The sample is freshly collected into a vacuum tube. 
The absorption spectrum was taken using Shimadzo 
spectroscopy at room temperature. The range of absorption 
spectrum is within the range 200 up to 2000 nm and peaking at 
around 430 nm, the absorption band [6]. 
 The refractive index of the diluted whole blood was 
measured using the travelling microscope. Figure 1 schematic 
of the experiment setup demonstrates the measurement of the 
refractive index of the diluted normal RBCs. The refractive 
index is measured as follows. Place a mark on the base of the 
blood container and focus on it using travelling microscope; �# 
reading. Then place the diluted blood sample in the container 
and focus on the sign viewed through the diluted blood sample; 
�(	reading. Finally, place powder on the top of the blood 
surface and focus on it; �= reading. Refractive index can be 
estimated by using Equation 8. 
 The diffuse reflectance and transmittance of the blood 
samples are measured by using the double integrating sphere 
technique (Figure 2). The blood sample was prepared by 
placing drops of blood between two slides of glasses. Care was 
taken to avoid undue pressure on the glass slides which may 
change the optical properties of the blood. Glue was applied all 
around the glass slides to prevent the dehydration of the blood. 
The thickness of the sample is estimated using a micrometer, 
i.e. 0.05 mm. The measurements were repeated three times. 
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Figure 1. Schematic setup shows traveller microscope used to 
measure the refractive index of the diluted blood sample. d1-d3 is 
the real depth and d2-d3 is the apparent depth. The refractive 
index is the ratio between the real depth and the apparent depth. 

 Figure 2. Schematic setup for the diffuse reflectance and 
transmittance using double integrating spheres. 

 
He-Ne (average output power is about 4 mW having the 
diameter of 1.25 mm at 1/e2 and the beam divergence is 0.7 
mrad) laser beam was then focused on the sample, i.e. 
sandwich between the two integrating sphere, using a system of 
lenses. The integrating sphere (6 inches in diameter) is totally 
inside coated by barium sulphate. The size of the ports of the 
two integrating spheres is 1 inch, i.e. diffused transmitted and 
reflected light intensities measures. A reflecting baffle within 
the sphere covers the fiber from the direct emission and 
reflection from the sample. Light is trapped within the two 
sphere and the transmission and reflection light intensities were 
detected by the fiber optics that were mounted in the 
integrating sphere, port. 
 

Results and discussion 

A traveller microscope was used to measure the refractive 
index of the blood sample (Figure 1). The reflective index is 
estimated by calculating the ratio between the apparent depths 
to the real depth. The diluted normal whole blood trial 
measurements of the concentration of 40% are recorded in 
Table 1. From extrapolation of the data, the refractive index of 
the 100% normal whole blood was estimated to be about 1.38. 
T-students test analysis was performed by using SPSS 
software. It showed a significant degree of agreement, 
i.e.t=4.303 at pval= 0.730. The sample blood thickness was 
determined by using the micrometer screw and was measured 
to be half of the minimum division and is equaled to 0.025 mm. 
 The total diffuse reflectance and transmittance at 632.8 nm 
were determined by placing the blood sample between the two 
integrated spheres (Figure 2). The collimated was measured by 
placing the detector 1.5 m from the transmitted sphere. 
 These measures were fed IAD approach to estimate the 
micro-optical properties. As can be seen in Table 3, the value 
of µs is dominant, supporting previous studies found by Steinke 

and Shepherd [19,20] who reported the scatter coefficient of 
about 100 cm-1. 
 Furthermore, it is consistent with those Sardar and Levy [6] 
who found the scattering coefficient to be about 134.4 cm-1 at a 
wavelength of 488 nm. The higher value of the scattering 
coefficient could be explained by the fact that most of the 
whole blood is consists of red blood, i.e. hematocrit (hct). For 
instance, the scattering coefficient is linearly proportional to 
the hct and the scattering coefficient saturates for hct > 10%. 
On the other hand, the resulted µa is disagreeing with Sardar 
and Levy [6] and this is can be interpreted by the fact that at 
the wavelength of 488 nm, RBC has a high absorption 
coefficient [21,22]. 
 
 
Table 1. Displays refractive index measures 

Trial Real depth Apparent depth Refractive index 

1 6.990 5.300 1.318 

2 6.460 4.500 1.435 

3 6.450 4.500 1.433 

Average 6.633±0.252 4.767±0.377 1.395±0.055 

 
Table 2. Displays the integrating sphere outputs: diffuse 
reflectance (Rd), the diffuse transmittance (Td), and collimated 
transmittance (Tc). 

λ(nm) Rd Td Tc 

632.8 0.179681 0.594469 0.048581 

 
Table 3. Displays the IAD outputs: albedo (a), optical length (τ), 
the absorption coefficient (µa), scattering coefficient (µs), and 
anisotropy (g). 

a τ µa(mm)-1 µs(mm)-1 g 

0.96 2.90 2.37 55.69 0.82 
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Table 4. Table showing the He-Ne intensities at the different angle 
using goniometer device with 5 deg increment. The g value is 
calculated using Equation 5. 

θ (rad) I (a.u) I×cos(θ)(a.u) 

0.38 64310.10 59752.61 

0.43 15398.30 13989.48 

0.48 19608.60 17361.33 

0.54 255.80 219.95 

0.59 1111.60 924.80 

0.64 16452.20 13190.97 

0.69 15161.40 11665.17 

0.75 11967.30 8794.94 

0.80 6757.90 4719.82 

0.85 1798.00 1186.68 

0.90 692.80 429.38 

Sum 153514.00 132235.13 

g= 0.86 

 
Bosschaart et al [16] reported the absorption and scattering 
coefficients of 2.01 mm-1 and 85.35 mm-1 , respectively, at 635 
nm. The lower value of the absorption coefficient (3.35 mm-1) 
was also found by Feng et al [23] using a single integrating 
sphere and Kubelka-Munk model. Furthermore, Bosschaart et 
al [16] reported at wavelength 630 nm that the absorption and 
scattering coefficients are 2.27 mm-1 and 88.55 mm-1 
respectively. The optical depth calculated using equation 7 is 
almost in agreement with Sardar and Levy [6], who reported 
the value of τ to be about 2.13. By comparing the albedo factor 
measured by this study along with Sardar and Levy [6], the 
albedo factor is inconsistent. The reason for this is not clear but 
it may have something to do with the wavelength at which the 
measurement was taken place. The anisotropy value has a good 
agreement with Steinke and Shepherd [20] finding, which 
showed that the anisotropy value to be about 0.98 (Table 3). In 
addition, our study agreed also with Sardar and Levy [6] who 
reported the anisotropy value to be about 0.91. There is an 
excellent good agreement between the anisotropy obtained 

using the goniometer and the IAD approach. A similar result 
was found by Yaroslavsky et al. [24] and Sardar and Levy [6]. 
 The fundamental optical properties of blood discussed in this 
study are to be of practical significance, and can be 
implemented in the Radiative Transfer Equation. Through 
proper suppositions, approximate distribution of light in the 
blood medium is achievable. 
 

Conclusion 

Interaction of light with a biological sample is described by its 
micro-optical parameters such as refractive index, scattering 
and absorption coefficients, and anisotropy. This study set out 
to determine the micro-optical parameters of blood by using, 
simple and practical, experimental set up. The set up consists 
of three main devices: the integrating spheres, travelling 
microscope, and goniometer. General speaking, the results 
obtained by the proposed experimental set up are trustworthy 
and showed an excellent agreement with well-known 
established set up in the literature. Whilst the suggested 
experimental set up is reliable, it has some limitations: care 
must be taken in using the travelling microscope, and the 
sample thickness and freshness must be considered. The 
question that needs to be answered about this study is the 
applicability of this experimental set up in case of using 
multispectral rang. 
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