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Abstract 
Introduction: Due to enormous interests for laser in medicine and biology, optical properties characterization of 
different tissue have be affecting in development processes. In addition, the optical properties of biological tissues could 
be influenced by storage methods. Thus, optical properties of bovine white and grey tissues preserved by formalin have 
been characterized over a wide wavelength spectrum varied between 440 nm and 1000 nm.  
Materials and Methods: To that end, a single integrating sphere system was assembled for spectroscopic 
characterization and an inverse adding-doubling algorithm was used to retrieve optical coefficients, i.e. reduced 
scattering and absorption coefficients. 
Results: White matter has shown a strong scattering property in comparison to grey matter. On the other hand, the grey 
matter has absorbed light extensively. In comparison, the reduced scattering profile for both tissue types turned out to 
be consistent with prior works that characterized optical coefficients in vivo. On the contrary, absorption coefficient 
behavior has a different feature.  
Conclusion: Formalin could change the tissue's optical properties because of the alteration of tissue's structure and 
components. The absence of hemoglobin that seeps out due to the use of a formalin could reduce the absorption 
coefficient over the visible range. Both the water replacement by formalin could reduce the refractive index of a stored 
tissue and the absence of hemoglobin that scatters light over the presented wavelength range should diminish the 
reduced scattering coefficients over that wavelength range. 
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Introduction 

Biological tissue optical properties are regarded as a basic 
requirement for providing an insight into light-tissue 
interaction. The development of optical diagnostic and 
therapeutic methods highly depends on tissue optical 
characteristics. However, the light energy distribution is the 
basic challenge that relates to tissue optical parameters and 
plays a vital role in dosimetry and therapy.1-4 Tissue optical 
coefficients have associated with tissue structure and type. 
Furthermore, the scattering coefficient provides information 
about scattering component form and concentration, whereas 
the absorption coefficient can lead to chromophore type and 
concentration. Thus, optical parameters might be utilized to 
identify and localize unhealthy tissues.5-10 Yaroslavsky et al. 
investigated the optical characteristics of native and coagulated 
human brain tissue over ultraviolet to the near infrared region 
using a double integrating sphere and inverse Monte Carlo 

(IMC).11 The absorption coefficient of all specimens turned out 
to be small in comparison to their scattering coefficient and the 
highest penetration depth was found in the wavelength range 
between 1000 nm and 1100 nm. The study also found that 
thermal coagulation decreases the effective penetration depth 
of all tissue types.11 A work by Gebhart et al. retrieved brain 
optical properties based on inverse adding doubling (IAD).12 
Discrepancies of their findings can be explained by several 
factors such as the corresponding approach implemented to 
analyze the spectral characteristics and sample preparation 
method.11,12 Optical properties of lamb brain tissue were 
investigated over the visible and near-infrared regions for 
native and coagulated samples. The differences between the 
optical properties of the lamb and the human brain were 
discussed.13 Azimipour et al. extracted in vitro the rat brain 
optical properties using three different cuts that have a 500 µm 
thickness at three different wavelengths (405, 532 and 
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635 nm).14 Reduced scattering coefficient turned out to be high 
at the brain center and gradually reduced to the surface, as 
opposed to the absorption coefficient. The absorption 
coefficient varied from 0.1 to 0.35 mm-1 and between 1.5 and 
5 mm-1 for the reduced scattering coefficient at 532 nm.14 On 
the other hand, preparation and storage methods of a tissue 
sample and their influences on tissue optical coefficients have 
been investigated. Formalin fixation is a preparation method 
widely used for the long-time storage of tissue specimens. 
Major prior works aimed to study formalin fixation influence, 
predicted an enormous deviation of fixed tissue optical 
properties. However, formaldehyde acts as a cross-linking 
agent at the molecular level for soluble and structural proteins, 
which could cause a change of scattering property whereas 
absorption remains unaltered.15-17 In contrast, OCT image for 
formalin-fixed tissue shown the absence of blood vessels 
following storage that has predicted a decreasing of absorption 
spectra.18 For more understanding, Pitzschke et al. investigated 
the reduced scattering, absorption and effective attenuation 
coefficient of rabbit brain tissue at 635, 671 and 808 nm to 
understand the effects of formalin storage on their optical 
properties in comparison to in vivo measurements.19 Although, 
tissue-stored absorption and reduced scattering coefficients 
increased at every wavelengths in comparison to in vivo 
results, absorption and reduced scattering profiles have had a 
decremental relationship with increased wavelength over the 
studied range to be similar the behaviour of in vivo-measured 
optical parameters with wavelength.19 In other words, using a 
formalin in order to store brain tissues resulted in a quantitative 
disagreement of the measured optical characteristics, while no 
qualitative variations could be observed.19 On the other hand, 
Anand et al. observed a dissimilarity of the formalin-fixed 
tissue's absorption spectrum in comparison to freshly sample, 
which has been explained by seeping out of hemoglobin from 
red cells.20 Furthermore, reduced scattering coefficient has 
remained a constant value for formalin fixed samples and an 
exponential decrease with wavelength has been estimated for 
fresh sample.20 Thus, there were qualitative and quantitative 
variations caused by using a formalin for storing tissues that 
turned out to be inconsistent with another work.19,20 Finally, the 
consequences of using the formalin for brain tissue 
preservation and their influence on the optical properties have 
not been decided yet and with the best of our knowledge, the 
changes of utilizing that method of storing on the optical 
properties of white and grey matters have not been studied. 
 In order to determine the optical properties of biological 
tissue, numerical solutions of the radiative transfer equation 
(RTE) are regarded as the best choice to be used with indirect 
techniques. These depend on the radiometric characteristics to 
reconstruct the optical coefficients of the present matter.21-23 
Inverse adding doubling (IAD) algorithm needs three raw 
intensities to be used, diffuse reflectance Rd, total transmittance 
T, and collimated transmittance Tc. IAD algorithm repeatedly 

solves radiative transfer equation (RTE) until the calculated 
values match the measured radiometric parameters.22-24 This 
method could be useful for any material types without taking 
into account albedo and the ratio between scattering and 
absorption unlike the approximation solution that could be 
applied with some presumptions.22-25 Beside inverse Monte 
Carlo method, inverse adding-doubling algorithm was mainly 
used to investigate optical parameters by several prior research 
groups and their precision has been recognized.10-14 
 The aim of this work is to characterize the optical properties 
of grey and white matters of bovine brain, fixed with formalin. 
In order to determine the reduced scattering and absorption 
coefficients, a single integrating sphere system was used. 
Spectral measurements were utilized to predict absorption and 
reduced scattering coefficients using inverse adding doubling 
algorithm (IAD).23-26 Consequently, the presented findings 
have been discussed and compared with prior works. 
 

Materials and Methods 

Sample Preparation 
Firstly, this section of the experiment was approved by the 
ethical committee at Damascus University, which was 
conducted according to established animal welfare guidelines 
and compiles with all regulations. Then, two different types of 
bovine brain tissue were prepared for optical investigation. 
Shortly, after killing, a bovine brain was stored in formalin. 
Then, the specimens were sectioned as follows: seven samples 
of grey matter (cerebral cortex) with similar width, height and 
thickness (1.5 x 1.5 x 0.1 cm) were created and five samples of 
white matter were sectioned to have 1.2 mm thickness and 
same width and height of grey sections. All samples were 
sandwiched between two glass slides that have a 1 mm 
thickness each. Refractive index of glass slides and tissue 
samples were approximated to 1.57 and 1.4 respectively.12 
 

Experimental Setup 
In order to retrieve absorption and reduced scattering 
coefficients of bovine brain tissue using inverse adding-
doubling algorithm, single integrating sphere (819C-IS-5.3, 
Newport, U.S.A) was used. Diffuse reflectance Rd and total 
transmittance T measurements applied in the same setting, as 
shown in Figure 1. Broadband beam emanated from a halogen-
tungsten light source (HL-2000-HP-FHSA, Ocean Optics, 
U.S.A) was focused to have a 4mm diameter on a sample of 
interest through a convex lens (focal length, f = 10 cm). Tissue 
sample was sandwiched between two slides of glass and hold 
by a special holder belongs that integrating sphere. Then, 
emanated light was delivered using an optical fiber (diameter, 
ɸ = 400 µm) to a portable spectrometer (USB4000, Ocean 
Optics, U.S.A) that is connected to a PC through a USB 
interface. 
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Figure 1. A single integrating sphere system. (a) Schematic drawing represents a diffuse reflectance (Rd) measurement setup, tungsten-
halogen light source was utilized to generate a focused beam using a convex lens (focal length, f = 10 cm). Then, tissue illuminated via 4 mm 
spot light. and diffused light collected via an optical fiber (diameter, ɸ = 400 µm) that connected to spectrometer. (b) Schematic drawing of 
total transmittance (T) measurement setup, tungsten-halogen light source was used to generate a focused beam using a convex lens (focal 
length, f = 10 cm). Then, tissue sample was illuminated via 4 mm spot light diameter. Diffused light collected via an optical fiber (diameter, 
ɸ = 400 µm) that connected to a spectrometer. 
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Data Processing Technique 
For data processing and optical properties estimation, inverse 
adding-doubling code has been used that correspondence to 
Windows XP, which developed by Scott Prahl and supplied 
with Monte Carlo calculation to take into account the light lost 
out the edges of samples.23,26 However, the above-mentioned 
algorithm required some experimental data belongs the 
integrating sphere used and measuring total transmittance and 
diffuse reflectance in order to retrieve absorption and reduced 
scattering coefficients. Finally, we can summarized the 
experimental in-puts regarding IAD code as follows: 
1. Light beam diameter (ɸ = 4 mm). 
2. Sample thickness (dgrey = 1 mm) & dwhite = 1.2 mm). 
3. Glass slide thickness (dglass slides = 1 mm). 
4. Refractive indexes of glass slide (nglass = 1.57) and tissue 

sample (nbrain tissue = 1.4). 
5. Integrating sphere diameter (ɸ = 134.6 mm). 
6. Diameters for sample port (ɸ = 25.4 mm), detector port (ɸ = 

400 µm) that matches fiber core diameter. 
7. Reflectivity of the inner wall was approximated to 0.97. 
 

Results 

Based on a single integrating sphere system, total transmittance 
and diffuse reflectance could be measured. Figure 2 presents 
mean values of total transmittance and diffuse reflectance of 
grey samples. As can be shown in Figure 2a, total 
transmittance progressively increased with increased 
wavelength. Diffuse reflectance is directly proportional to 
increased wavelength over the sub-spectrum ranged between 
440 nm and 600 nm. Then, that turned out to be stable over the 
rest spectrum, Figure 2b. Regarding white tissue, spectral 
characteristics of all samples were measured and their averaged 
values are presented in Figure 3. As can be seen in Figure 3a, 
total transmittance of white matter is directly proportional to 
increased wavelength. Although the white matter sample has a 
thicker section, it has a valuable transmittance in comparison to 
grey matter. Furthermore, white matter has exhibited high 
reflection in comparison to grey matter, Figure 3b. 
 Optical coefficients of all grey tissue samples were predicted 
depending on spectral characteristics and the mean values were 
determined in relation to wavelength. Figure 4a presents 
average values of reduced scattering coefficient that decreased 
progressively with increased wavelength over the present 
wavelength range. Its values varied between 0.406 ± 0.0457 
mm-1 at 441 nm and 0.2072 ± 0.0122 mm-1 at 996 nm. 
Figure 4b depicts the relationship between absorption 

coefficient and wavelength that found to be inversely 
proportional to increased wavelength. Accordingly, remarkable 
changes could be observed with shorter wavelengths and 
absorption property varied between 0.196 ± 0.0285 mm-1 at 
441 nm and 0.0377 ± 0.0052 mm-1 at 600 nm. Insignificant 
decline in absorption feature may be seen over the remaining 
wavelength spectrum ranged from 600 nm to 1000 nm. The 
relationship between grey matter optical coefficients and 
wavelength could be estimated by fitting curve procedure in 
Matlab (Mathworks 2014, U.S.A) and given by: 

�� = 3.447 ∗	10
� ∗ ���,��� + 0.01217 Eq .1 

��
� = 65.69 ∗ ���.��� 

Accordingly, two critical optical parameters could be evaluated 
depending on the previous investigations, optical penetration 
depth and reduced albedo, Figure 4. Figure 4c presents the 
relationship between grey tissue penetration depth and 
wavelength that estimated via absorption and reduced 
scattering coefficient of grey matter. However, the optical 
penetration depth turned out to be higher with longer 
wavelength despite of unsystematic changes over wavelength. 
 For white matter optical characterization, reduced scattering 
and absorption coefficients were predicted for all white matter 
samples and mean values were calculated. Figure 5a depicts 
the relation between reduced scattering coefficient and 
wavelength of white matter. Approximately, reduced scattering 
is inversely proportional to increased wavelength over the 
present wavelength range. Its values varied from 0.419 ± 
0.0224 mm-1 at 441 nm and 0.239 ± 0.029 mm-1 at 996 nm. As 
a result, noticeable changes could be approximated to a power 
relation using fitting curve function, Equation 2. On the other 
hand, absorption coefficient turned out to be decreased with 
increased wavelength and the lowest values could be estimated 
in the near infrared region (therapeutic window), Figure 5b. Its 
values ranged from 0.0825 ± 0.0140 mm-1 at 441 nm to 
0.00327 ± 0.00228 mm-1 at 996 nm. The fitting curve 
procedure may be utilized to predict the equation combining 
white matter's optical coefficients and wavelength and 
expressed by: 

�� = 1.493 ∗ 10
�. ���.�� − 0.01676 Eq. 2 

��
� = 17.6 ∗. ���.���� 

Figure 5c presents optical penetration depth for white matter 
that turned out to be much larger for longer wavelengths. 
Depending on absorption and reduced scattering coefficients, 
reduced albedo for white matter could be estimated, Figure 5d. 
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Figure 2. Spectral characteristics of grey matter. (a) Correlation of average values for total transmittance of bovine grey matter with wavelength over visible 
and near infrared ranges, (b) Relationship between averaged values of diffuse reflectance with wavelength for bovine grey matter over visible and near 
infrared ranges. 

 

 

 

 

Figure 3. Spectral characteristics of white matter. (a) Correlation of average values of total transmittance for bovine white matter and wavelength over 
visible and near infrared ranges, (b) Correlation of average values of diffuse reflectance for bovine white matter and wavelength over visible and near 
infrared ranges. 

 

 

 

 

 

 

 

Figure 4. Optical properties of grey matter. (a) Correlation of average values of reduced scattering coefficient for grey matter with wavelength over visible 
and near infrared ranges. (b) Relationship between averaged values of absorption coefficient for grey matter and wavelength over visible and near infrared 
ranges. The error bar represents the standard deviation for 7 samples of grey matter. (c) Variation of grey matter optical penetration depth with wavelength 
over visible and near infrared ranges. (d) Correlation of grey matter reduced albedo and wavelength besides to results predicted by prior works. 
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Figure 5. Optical properties of white matter. (a) Relationship between averaged values of reduced scattering coefficient for white matter and wavelength 
over visible and near infrared ranges. (b) Relationship between averaged values of absorption coefficient for white matter and wavelength over visible and 
near infrared ranges. The error bars represents the standard deviation for 5 samples of white matter. (c) Variation of white matter optical penetration depth 
with wavelength over visible and near infrared ranges. (d) Relationship between white matter reduced albedo and wavelength besides to results predicted by 
prior works.  

 

Discussion 

Since bovine white and grey matters that fixed by formalin 
have been studied in the present work besides to that the major 
previous works aimed to characterize optical properties of 
white and grey matter have used fresh human tissues without 
adding formalin. Thus, the quantitative comparison of 
absorption and reduced scattering coefficients could not be 
applied and the comparison has been limited to be qualitative 
by comparing the behaviour of optical coefficients' variations 
with wavelength to previous works. Indirect method was 
utilized to characterize tissue sample optical properties 
depending on a single integrating sphere system and inverse 
adding doubling algorithm (IAD). Figure 4 depicts the grey 
matter's reduced scattering and absorption coefficients and 
their correlation with wavelength. Then, because of the varying 
dimensions for subcellular organelles, tissue scattering feature 
lies between Rayleigh and Mie regimes.10-13 However, grey 
reduced scattering intensity showed that it is inversely 
proportional to increased wavelength and comparable to a 
power equation, Equation 1, the exponent of the inverse power 
relationship lied between Mie and Rayleigh limitations that 
corresponds to the previous expectations that estimated from in 
vivo measurements.11-13,27 Then, Pitzschke et al approved that 
the reduced scattering profile for formalin-fixed tissue 
decreased with wavelength increases over the wavelength 
range varied between 635 nm and 808 nm, which turned out to 
be correspondence to our findings and inconsistent with Anand 
results.19,20 On the other hand, absorption coefficient variation 
is inversely proportional to wavelength and decreased 
dramatically in the sub-range from 441 nm to 600 nm, after 
that the absorption have showed to be more stable for larger 
wavelengths. The absorption coefficient profile turned out to 

be inconsistent with fresh tissue's absorption profile and agreed 
with the studies implemented on formalin-fixed tissues.11-13,19,20 
The existence of melanin and water as the main absorbers 
reveals the degradation of grey matter absorption variation with 
increased wavelength over the present range. Because of using 
a formalin fixation method for tissue storage, hemoglobin 
absorption peaks could not be distinguished and tissue 
absorption feature may resemble melanin and water 
characteristics.18-20 Depending on grey absorption and reduced 
scattering coefficients, reduced albedo might be extracted that 
varied from 0.673 at 441 nm to 0.906 at 996 nm. That directly 
increases with wavelength over a spectrum ranged between 
441 nm and 500 nm, and then a stable relationship could be 
seen for higher wavelengths. In comparison, the present results 
of grey matter turned out to be in agreement with Gebhart 
findings despite the subtle differences and the systematic errors 
that varied between 9.3% at 450 nm and 1.3% at 956 nm.12 
Furthermore, Yaroslavsky prediction was higher and errors 
varied between 24.8% at 450 nm and 8.7% at 670 nm and in 
comparison with Bevilacqua findings the error varied between 
8.9% and 6.9% as can be seen in Figure 4d.10,-12 Regarding 
white matter's optical characteristics, reduced scattering 
coefficient shows inverse relationship to increased wavelength. 
That might be approximated to a power equation to simulate a 
case between Rayleigh and Mie scatterings, Equation 2, which 
turned out to be consistent with previous findings extracted by 
measurements on fresh white brain tissue.11,12 However, 
reduced scattering behaviour has agreed with findings 
extracted from Pitzschke and has not agreed with Anand 
results, which revealed that the reduced scattering remained 
unaltered with wavelength increases over the visible range.19,20 
However, white matter absorption may be featured by melanin, 
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and water contributions and thus the absence of blood should 
enormously affect its values, that explained the differences 
between the present results and prior works applied in vivo.11,12 
Figure 5d represents the correlation of white matter reduced 
albedo and wavelength that slightly increased with increased 
wavelength to be varied between 0.83 at 441 nm and 0.98 at 
996 nm. The respective measurements were matched to prior 
works regarding fresh white matter over the sub-spectrum from 
750 nm to 1000 nm.11,12 The overestimation could be noticed 
with shorter wavelengths and systematic errors turned out to be 
not more than 11% for Gebhart findings and 14% for 
Yaroslavsky results.11,12 Although the existence of quantitative 
differences in optical characteristics between two kinds of 
brain tissue, optical coefficients profile found to be in accord. 
Accordingly, grey matter may be regarded as a highly 
absorbing medium than white matter which has further 
scattered the incident beam.11,12 White tissue is marked by a 
melanin leakage in comparison to grey matter as well as the 
presence of fat in white matter.4, 22 Fat tissue contributes to 
scattering property and absorption around 1000 nm, which 
could explain a relative slight increase in absorption coefficient 
at the end of the studied spectrum. Low concentration of 
melanin at white matter may be regarded as the main reason for 
reducing absorption in comparison to grey matter.4 
 Obviously, the reduced scattering behavior for both white 
and grey tissues was in accordance with prior works, although 
there were quantitative reductions in comparison to fresh 
tissues.10-12 Regarding absorption feature, dissimilar behaviour 
and quantitative disagreement might be predicted. Overall, the 
existence of quantitative and qualitative dissimilarities may be 
resulted from some practical and physiological considerations. 
As mentioned above, using a formalin fixation may be 
responsible for the leakage of hemoglobin, which resulted in 
the absence of hemoglobin absorption peaks below 600 nm.18, 

28-30 Moreover, long time storage could cause a lowering of 
tissue water content, which may be regarded as an explanation 
of decreasing absorption coefficient over longer wavelengths.31 
Therefore, absorption property of formalin-fixed tissue samples 
may resemble melanin and water unlike absorption coefficient 
estimated from measurement applied on fresh tissues.10-12 
Furthermore, these could explain the degradation of absorption 
for white and grey matters, as shown in Figures 4b and 5b. 
Regarding reduced scattering property, formalin can cause a 
tissue dehydration besides to alteration of tissue structure, these 
can lead to alteration of scattering coefficient, anisotropy factor 
and refractive index.17,19,31 Prior work that aimed to study the 
refractive index modification by formalin, indicated to slight 
degradation of fixed tissue refractive index until that to be 
equal to formalin refractive index due to the replacement of 
tissue water content by formalin. Since the refractive index of 
formalin is about 1.375 and 1.4 for fresh tissue, dehydration of 
formalin-fixed tissue can diminish the reduced scattering 
coefficient.17,31 Furthermore, the absence of hemoglobin can be 
considered as an enormous factor clarifying the degradation of 

the presented reduced scattering coefficient over the entire 
spectral range.29 Taking all the above into consideration, the 
decline of reduced scattering coefficient can be approved over 
all wavelength spectrum for formalin fixation method. 
Regarding the reduced scattering coefficient trend, prior work 
predicted both quantitative and qualitative discrepancies and 
reduced scattering profile maintained a stable value over the 
visible range to be about 1.5 mm-1 unlike fresh tissue.20 
Accordingly, formalin fixation method could change 
unsystematically the reduced scattering coefficient profile. As 
mentioned above, the subtle difference in refractive index 
should cause a degradation of reduced scattering profile over 
the entire presented spectrum and the leakage of hemoglobin 
could diminish that coefficient.28-31 Thus, a considerable 
degradation of reduced scattering coefficients over the entire 
spectrum could be predicted. All these points refer that the 
reduced scattering coefficient could relatively maintain a 
similar profile of fresh tissue unlike prior work that predicted 
an enormous alteration of reduced scattering profile.20 The 
qualitative and quantitative convergence of the reduced albedo 
with previous studies considered as a good evidence for that 
expectation. On the other hand, using a focused beam with an 
inverse adding doubling algorithm (IAD) is conducive to 
experimental errors and using a tissue sample with small 
dimensions in comparison to sample port of integrating sphere 
quantitatively affects the optical characterization of tissue 
coefficients. 
 

Conclusions 

In summary, reduced scattering and absorption coefficients for 
bovine white and grey matters that stored in formalin have 
been investigated. Reduced scattering profile shows an 
exponential decrease over a wavelength range such as prior 
investigations extracted from in vivo measurements. 
Quantitative degradation could be produced by a formalin 
fixation that might cause a hemoglobin to be absent besides a 
tissue dehydration. These might decrease overall reduced 
scattering coefficient over the presented spectrum, but the 
scattering profile was expected to remain so, unlike the 
previous work. That prior work predicted the use of a 
formaldehyde could change both a reduced scattering profile 
and its values. On the other hand, the absence of hemoglobin 
has a marked influence on absorption coefficient. That may be 
verified by the absence of noticeable hemoglobin absorption 
peaks and considerable resemblance to melanin and water 
absorption trends. Briefly, formalin fixation could cause a 
considerable change of absorption coefficient profile rather 
than reduced scattering and reduce the optical coefficients in 
comparison to those of fresh tissues. Apparently, seeking a 
reference values for optical properties of tissue is of paramount 
importance to deepen our understanding of light-tissue 
interaction, which in turn plays a critical role in laser 
applications in medicine and biology. 
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