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Abstract: The knowledge of the optical properties of biological tissues in a wide spectral range is 
highly important for the development of noninvasive diagnostic or treatment procedures. The ab-
sorption coefficient is one of those properties, from which various information about tissue compo-
nents can be retrieved. Using transmittance and reflectance spectral measurements acquired from 
ex vivo rabbit brain cortex samples, allowed to calculate its optical properties in the ultraviolet to 
the near infrared spectral range. Melanin and lipofuscin, the two pigments that are related to the 
ageing of tissues and cells were identified in the cortex absorption. By subtracting the absorption of 
these pigments from the absorption of the brain cortex, it was possible to evaluate the true ratios for 
the DNA/RNA and hemoglobin bands in the cortex – 12.33 fold (at 260 nm), 12.02 fold (at 411 nm) 
and 4.47 fold (at 555 nm). Due to the fact that the accumulation of melanin and lipofuscin increases 
with the ageing of the brain tissues and are related to the degeneration of neurons and their death, 
further studies should be performed to evaluate the evolution of pigment accumulation in the brain 
to prevent the development of Alzheimer, Parkinson and stroke pathologies in the brain.  

Keywords: tissue spectroscopy; tissue optical properties; scattering coefficient; absorption coeffi-
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1. Introduction 
The optical properties of biological tissues are unique to those tissues and provide 

means for their identification. The estimation of their wavelength dependence allows the 
identification of biological components in tissues and the discrimination of pathologies 
[1]. There are various optical properties, but the most commonly used to characterize a 
biological tissue are the refractive index (RI), the absorption coefficient (µa), the scattering 
coefficient (µs) or the reduced scattering coefficient (µ's) and the scattering anisotropy (g) 
[2,3]. The estimation of tissue’s optical properties is traditionally made using inverse sim-
ulations based on the Monte Carlo or the Adding-Doubling algorithms [3-5]. Due to the 
fact that such simulations estimate a set of optical properties for a single wavelength at a 
time, they are time consuming if we want to obtain such properties for a broad spectral 
range.  
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Although some diagnostic or treatment windows have been previously identified in 
the visible and infrared range of the electromagnetic spectrum [6,7], current biophotonics 
techniques can be applied within different spectral bands from the deep ultraviolet to the 
terahertz [8]. This means that a fast way to obtain the optical properties of a tissue for a 
wide spectral range is necessary. As recently published [1,9], if some spectral measure-
ments from the tissue samples are available, certain equations can be used for a fast cal-
culation of such properties. Considering µa, its spectrum can be calculated from the total 
transmittance (Tt) and total reflectance (Rt) spectra that were measured from a tissue. 
Equation (1) describes such calculation [1]:   

𝜇௔(𝜆) =
ଵିቀ

೅೟(ഊ)శೃ೟(ഊ)

భబబ
ቁ

ௗ
, (1)

where Tt(λ) and Rt(λ) are the total transmittance and total reflectance spectra measured 
from the tissue sample and d is the sample thickness. 

Once µa(λ) is calculated with Equation (1), and if collimated transmittance (Tc) spec-
tra from the tissue are available, then the Bouguer-Beer-Lambert law can be used to cal-
culate µs(λ) for the same wavelength range [1-3]: 

𝜇௦(𝜆) = −
௟௡[ ೎்(ఒ)]

ௗ
−𝜇௔(𝜆). (2)

Spectral measurements do not usually allow to obtain µ's directly, but since its wave-
length dependence is well described for the ultraviolet-near infrared (UV-NIR), discrete 
values can be estimated for that spectral range through inverse adding-doubling (IAD) 
simulations, and then fitted with a curve as described by Equation 3 [10]. 

𝜇′௦(𝜆) = 𝑎 × ቆ𝑓ோ௔௬ × ൬
𝜆

500 𝑛𝑚
൰

ିସ

+ ൫1 − 𝑓ோ௔௬൯ × ൬
𝜆

500 𝑛𝑚
൰

ି௕ಾ೔೐

ቇ (3)

In Equation (3), a represents the value of µ's at 500 nm, fRay is the Rayleigh scattering 
fraction and bMie is the mean size of the Mie scatterers. These parameters can be obtained 
when the discrete µ's values that were generated through IAD are fitted with Equation (3). 
When performing the IAD estimations to obtain the µ's values, the RI of the tissue at the 
desired wavelengths is necessary. In general, the RI of tissues is measured at discrete 
wavelengths with multi-wavelength refractometers [11], or using the total internal reflec-
tion method with various lasers with emission within the desired wavelength range [12]. 
Once those RI values are measured, the tissue dispersion for that wavelength range is 
calculated by fitting the experimental RI data with equations such as the Cauchy (Equa-
tion (4)), the Conrady (Equation (5)) or the Cornu (Equation (6)) equations [12-14]: 

𝑛௧௜௦௦௨௘(𝜆) = 𝐴 +
஻

ఒమ +
஼

ఒర, (4)

𝑛௧௜௦௦௨௘(𝜆) = 𝐴 +
஻

ఒ
+

஼

ఒయ.ఱ, (5)

𝑛௧௜௦௦௨௘(𝜆) = 𝐴 +
஻

(ఒି஼)
, (6)

where, A, B and C are the Cauchy, the Conrady or the Cornu parameters, which are ob-
tained during the fitting of discrete experimental data. If the calculated tissue dispersion 
is not available for the entire wavelength range of interest, a broader dispersion can be 
calculated from µa(λ), using the Kramers-Kronig relations [15]. In this calculation process, 
Equation (7) is the first one to be used to obtain the imaginary part of tissue dispersion 
[12,15]: 

𝜅(𝜆) =
ఒ

ସగ
𝜇௔(𝜆), (7)

After obtaining the imaginary part of tissue dispersion, the dispersion that corre-
sponds to the real part of RI can be calculated with Equation (8) [12,15,16]: 
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 where Λ represents the integrating variable over the wavelength domain and λ1 is a fixed 
wavelength that can be adjusted for better vertical matching of the calculated dispersion 
to the one obtained from discrete experimental data.  

Once the broad-band tissue dispersion is calculated through Equations (7) and (8), 
we can select discrete values from it to use in the IAD simulations. By running those sim-
ulations, the generated µ's values are then fitted with Equation (3) to obtain µ's(λ). Such 
data can be combined with the calculated µs spectrum to obtain the wavelength depend-
ence of tissue scattering anisotropy (g(λ)) [1-3,17]: 

𝑔(𝜆) = 1 −
ఓೞ

ᇲ(ఒ)

ఓೞ(ఒ)
. (9)

In general, g(λ) presents an increasing exponential behavior with increasing wave-
length in the UV-NIR range [1], which can be described mathematically by Equations (10) 
[17] or (11) [18].  

𝑔(𝜆) = 𝑎 + 𝑏 ቂ1 − 𝑒𝑥𝑝 ቀ
ఒି௖

ௗ
ቁቃ, (10)

𝑔(𝜆) = 𝑎 × 𝑒𝑥𝑝(𝑏 × 𝜆) + 𝑐 × 𝑒𝑥𝑝(𝑑 × 𝜆), (11)

where a, b, c and d are parameters that are obtained during the fitting of g data. 
Such calculation procedure, which relies only on IAD simulations to obtain discrete 

µ's values, is a fast way to obtain the wavelength dependency for the optical properties of 
a biological tissue, provided that spectral measurements from the tissue are available. A 
particular analysis of the calculated spectral optical properties provides information about 
tissue composition, contents of its biological chromophores and possibly indication of pa-
thologies, as previously observed [1,19]. 

The brain is a complex organ, composed by different parts like the cortex and the 
cerebellum. The brain functions are complex and the incidence of brain diseases, such as 
Alzheimer, Parkinson or stroke have increased significantly in the past 30 years [20]. Such 
diseases occur as a natural consequence of the aging process, and are principally due to 
the degeneration and death of neurons [21-23]. A monitoring procedure to evaluate neu-
ron aging, degeneration and death would be helpful to prevent these diseases. To develop 
such procedure with optical methods, the knowledge of the optical properties of the brain 
tissues is necessary. Only by knowing the spectral optical properties in a wide spectral 
range it will be possible to develop optimized optical imaging and spectroscopic methods 
to evaluate the health of superficial brain tissues, or to develop in-depth monitoring pro-
cedures with the combination of optical clearing treatments [2,24,25]. With the objective 
of obtaining the spectral optical properties of the brain cortex, we have performed spectral 
measurements from ex vivo rabbit tissues. The methodology used in this study is described 
in section 2 and the results are presented in section 3.     

 

2. Materials and Methods 
The present study involves measurements from ex vivo animal tissues. The research 

follows the Declaration of Helsinki and was approved by the research review board in 
biomedical engineering of the Center of Innovation in Engineering and Industrial Technology, 
in Porto, Portugal. Such approval has the number CIETI/Biomed_Research_2021_01.  

In this study, brain cortex samples from recently sacrificed rabbits were prepared to 
conduct the experimental measurements. Such experimental studies consisted on RI 
measurements at discrete wavelengths and spectral measurements to calculate the optical 
properties between the UV and the NIR. Sub-section 2.1 describes the tissue collection and 
preparation procedure, sub-section 2.2 describes the setup and measuring procedure used 
to obtain the discrete RI values and sub-section 2.3 describes the setups and measuring 
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procedures to acquire the spectral measurements. Sub-section 2.4 describes the calcula-
tions made to obtain tissue dispersion and the spectral optical properties of the brain cor-
tex.  

2.1. Tissue collection and sample preparation 

Five adult rabbits were acquired from a local breader that sells them for 
consumption. The animals were sacrificed in different days and the brain from each one 
was frozen for 12 hours after dissecting it from within the skull. A cryostat (LeicaTM, model 
CM1860 UV) was used to prepare tissue slices from the brain cortex. For the RI 
measurements, three samples were prepared in the cryostat with 3 mm thickness and an 
approximated square superficial area of about 1cm  1 cm. For the spectral measurements, 
ten samples were prepared with 0.5 mm thickness and an approximated circular form (~1 
cm in diameter).  

2.2. RI measurements 

To perform the RI measurements, we used the total internal reflection method [12, 
26-28]. The setup used for these measurements was constructed in our lab and is 
represented in Figure 1. 

 

 
Figure 1. Total internal reflection setup for the RI measurements. 

Each of the three tissue samples was submitted to measurements with different lasers 
in the setup presented in Figure 1 to obtain the cortex RI at discrete wavelengths in the 
visible and NIR range. The lasers used in these measurements had emission wavelengths 
at 401.4, 534.6, 626.6, 782.1, 820.8 and 850.7 nm. These lasers are laser diodes that were 
acquired from Edmund Optics, with the exception of the lasers that emit at 534.6 nm and 
at 626.6 nm, which were acquired from Kvant (Slovakia) and from Pasco (USA), 
respectively. The emmiting power of all lasers was 5 mW or less and their emmiting 
wavelengths were verified with a spectrometer from Avantes (Netherlands). 

The dispersion prism presented in Figure 1 is a SCHOTT N-SF11 prism acquired 
from Edmund Optics, with a wavelength dependence for its RI as presented in Figure 2. 
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Figure 2. Wavelength dependence for the RI of the N-SF11 dispersion prism. 

The curve represented in Figure 2 is described by the Sellmeier equation [29], at 20 
°C: 

𝑛ଶ − 1 =
௄భఒమ

ఒమି௅భ
+

௄మఒమ

ఒమି௅మ
+

௄యఒమ

ఒమି௅య
, (12)

where the Sellmeier coefficients have the following values for the SCHOTT N-SF11 glass: 
K1=1.7376, K2=0.3137, K3=1.8988, L1=0.0132, L2=0.023, and L3=155.2363. Acording to Ref. [29], 
since λ is represented in µm in Equation (12), K1, K2 and K3 are dimentionless coefficients, 
while L1, L2 and L3 are represented in µm2. Three sets of measurements were made with 
each laser, one set per tissue sample. Temperature was kept at 201 °C and the following 
procedure was followed for each set of measurements: 

1. The sample was placed in perfect contact with the base of the prism (see Figure 1). 

2. Illumination of the setup was made with the laser beam through one side of the 
prism. 

3. The reflected beam was collected with a photocell (a laser power meter from 
Coherent with spectral resolution from 0.15 µm to 11 µm), connected to a 
voltmeter (from Wavetek Meterman) to read the electrical potential. 

4. This measuring procedure was repeated for several incidence angles (α) between 
the incident laser beam and the normal to the air/prism interface. The angular 
resolution for these measurements was 1°. 

Such procedure was repeated for the other lasers. The collected data from each set of 
measurements needed to be submitted to calculations to obtain the RI of brain cortex at 
the wavelengths of the lasers used. Such calculations are described in sub-section 2.4. 

2.3. Spectral measurements 
To perform the spectral measurements, which are necessary to calculate the spectral 

optical properties of the brain cortex, ten ex vivo tissue samples were used. All these sam-
ples were sequentially submitted to measurements with the setups presented in Figure 3 
to acquire Tt(λ), Rt(λ) and Tc(λ). 

R
I
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Figure 3. Experimental setups to measure: Tt(λ) (a), Rt(λ) (b) and Tc(λ) (c). 

 
In the measurements with the Tt setup, a collimated beam with 6 mm in diameter 

from a Xenon lamp crosses the sample before entering the integrating sphere. The trans-
mitted beam undergoes several reflections and integration inside the sphere, before being 
delivered to the spectrophotometer through an optical fiber cable. The Rt setup is similar 
to the one used to acquire Tt, but the beam from the lamp interacts with the tissue sample 
in a reflection mode. Such beam enters the integrating sphere at 8° with the vertical axis 
of the sphere. The reflected beam that leaves the tissue sample is reflected and integrated 
inside the sphere before being delivered to the spectrophotometer. In the case of Tc meas-
urements, a beam from a deuterium-halogen lamp is delivered to the lower part of the 
sample cuvette through an optical fiber cable, a collimating lens and a pinhole, which 
collimate the beam and reduce its diameter to 1 mm. The unscattered transmitted beam is 
collected by another collimating lens into another optical fiber cable to be delivered to the 
spectrophotometer. Once ten spectra were collected from the brain cortex samples with 
all the setups presented in Figure 3, calculations, as described in sub-section 2.4, were 
performed to obtain the wavelength dependence of the optical properties of this tissue.  

2.4. Calculations 
After ending all experimental measurements, certain calculations were necessary to 

obtain the spectral optical properties of the brain cortex. 
Regarding the RI measurements, and since the incident and reflected angles for the 

beam can only be measured outside the prism, at the air/prism interfaces, we needed to 
use the Snell-Descartes equation to convert the angle of the incident (or reflected) beam as 
measured outside the prism (α) to the incident (or reflected) angle at the prism/tissue in-
terface (θ) [12,30]: 

𝜃 = 𝛽 − 𝑎𝑟𝑐𝑠𝑖𝑛 ൤
ଵ

௡೛ೝ೔ೞ೘
× 𝑠𝑖𝑛(𝛼)൨, (13)

where β represents the internal angle of the prism (60° for the prism we used) and nprism 
represents the RI of the prism at the wavelength of the laser, which can be retrieved from 
Figure 2. To calculate the reflectance curve at the prism/tissue interface for each set of 
measurements, we performed the following calculation [12,14]: 

𝑅(𝜃) =
௏(ఏ)ି௏೙೚೔ೞ೐

௏೗ೌೞ೐ೝି௏೙೚೔ೞ೐
, (14)

with V(θ) representing the electrical potential measured for an incident (or reflected) angle 
θ at the prism/tissue interface, Vnoise representing the potential measured with only back-
ground light and Vlaser representing the potential measured directly from the laser. 

The reflectance curves obtained from each set of measurements, as calculated with 
Eq. (14), contain information about the critical angle of reflection, but to obtain such angle 
with precision, the first derivative of each curve needed to be calculated. Such calculation 
was made according to [12,14]: 
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𝑑𝑒𝑟𝑖𝑣(𝜃) =
ோ(ఏ೔)ିோ(ఏ೔షభ)

ఏ೔ିఏ೔షభ
, (15)

where θi and θi-1 represent the consecutive angles of measurement and R(θi) and R(θi-1) 
represent the corresponding reflectances measured at those angles. As previously ob-
served in other studies [12,31,32], those derivatives present a strong peak, whose central 
angle corresponds to the critical angle of reflection (θc) at the prism/tissue interface. 

For each set of measurements with a particular laser, by representing the curve for 
the first derivative of the reflectance, we could identify the value of θc, which was then 
used in Eq. (16) to calculate the RI of the tissue at the laser wavelength [12,13]: 

𝑛௧௜௦௦௨௘(𝜆) = 𝑛௣௥௜௦௠(𝜆) × sin(𝜃௖), (16)

with ntissue(λ) representing the RI of the tissue at the laser wavelength and nprism(λ) repre-
senting the RI of the prism at the same wavelength as retrieved from Figure 2. Three sets 
of measurements were performed with each laser, meaning that three ntissue values were 
obtained for each laser wavelength. The mean and standard deviation (SD) for the tissue 
RI were calculated for each laser wavelength to provide higher accuracy and data disper-
sion between the samples analyzed. The mean RI values of the rabbit cortex were fitted 
with Equations (4), (5) and (6) to check which one provides a better fitting. It was verified 
that the Cauchy equation (Equation (4)) provides the best fit (R2=0.9793) within the wave-
length range of the lasers used (400 – 850 nm). When performing that fit, we obtained the 
A, B and C parameters in Equation (4), as represented next: 

𝑛௧௜௦௦௨௘(𝜆) = 1.353 +
ହସଶ଴

ఒమ +
଴.ଷହଶଵ

ఒర . (17)

All graphs that result from these calculations are presented in section 3. 
Considering the spectral measurements, we started by calculating µa(λ) with Eq. (1). 

Such calculation was made ten times, using the ten pairs of Tt and Rt spectra that were 
measured. Mean and SD for µa(λ) were calculated. After that, we calculated the cortex 
dispersion through the Kramers-Kronig relations, as described by Eqs. (7) and (8). Opti-
mization of this procedure was made by adjusting the λ1 parameter in Eq. (8), so that the 
calculated dispersion should match the curve calculated by Eq. (17). Once again, since we 
had ten µa(λ), we calculated ten dispersions, which allowed to obtain the mean and SD. 

Using µa(λ) in Eq. (2), we calculated µs(λ). This calculation was also made ten times 
to obtain mean and SD for µs(λ). To obtain µ's(λ), ten IAD simulations were made at indi-
vidual wavelengths, with 50 nm increments between 200 and 1000 nm. For each set of 
simulations (each sample), the resulting µ's values were fitted by a curve described by Eq. 
(3) to obtain its wavelength dependence. The ten calculated curves were used to obtain 
the mean and SD for µ's(λ).   

Using µs(λ) and µ's(λ) in Eq. (9), we calculated g(λ). Once again, this calculation was 
made ten times, resulting in the mean and SD for the wavelength dependence of the g-
factor. Finally, using the individual µa(λ) and µ's(λ), we were able to calculate the light 
penetration depth in diffusion approximation (δ(λ)) for the cortex. Such calculation was 
made using [2,33]:    

𝛿(𝜆) =
ଵ

ටଷఓೌ(ఒ)ቀఓೌ(ఒ)ାఓೞ
ᇲ(ఒ)ቁ

. (18)

Such calculation was also made ten times, allowing to obtain the mean and SD for 
δ(λ). All the results from these calculations are presented in section 3. 

  

3. Results 

3.1. RI measurements 
As a result of the calculations described in sub-section 2.4, which are necessary to 

obtain the RI of the cortex, the first step consisted on obtaining the reflectance curves for 
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each set of measurements with a particular laser. The second step consisted on calculating 
the 1st derivative curves of those reflectance curves. The reflectance curves were calculated 
for each set of measurements with Eq. (14) and the 1st derivative curves were obtained 
with Eq. (15). Figure 4 presents such results for the 782.1 nm laser. 

 
  (a)         (b) 

Figure 4. Curves calculated with the RI measurements for the 782.1 nm laser: reflectance 
curves (a) and 1st derivative curves (b). 

 
Similar curves to the ones presented in panels of Figure 4 were calculated for the 

measurements with the other lasers. The θc values were retrieved from the curves in Fig-
ure 4(b) and others like those that were obtained for the other lasers. These values were 
used in Eq. (16) to calculate the corresponding RI values of the brain cortex at the lasers 
wavelengths. Table 1 presents the results of these calculations, their mean and SD. 

 

Table 1. RI values of the brain cortex at the lasers wavelengths. 

Laser ntissue Mean SD 
 1.3883   

401.4 nm 1.3877 1.3850 0.0053 
 1.3789   
 1.3679   

534.6 nm 1.3735 1.3736 0.0058 
 1.3794   
 1.3632   

626.6 nm 1.3686 1.3680 0.0045 
 1.3721   
 1.3562   

782.1 nm 1.3609 1.3611 0.0050 
 1.3662   
 1.3552   

820.8 nm 1.3566 1.3597 0.0066 
 1.3673   
 1.3516   

850 nm 1.3583 1.3589 0.0076 
 1.3667   

 
As indicated in sub-section 2.4, the mean RI values presented in Table 1 were sub-

mitted to fitting tests to check which of the curves described by Eqs. (4), (5) and (6) pro-
vided a better dispersion curve. In these tests we verified that the best fitting was obtained 
with the Cauchy equation (Eq. (4)). Equation (17), which is represented in Figure 5 along 
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with the mean experimental RI values and the SD bars, describes such calculated disper-
sion for the rabbit brain cortex.  

 

 
Figure 5. Experimental RI values for the rabbit cortex and calculated dispersion. 
 
To compare our experimental data with other data for the brain cortex in literature 

and to use it later in the calculation of the cortex dispersion in the spectral range between 
200 and 1000 nm from µa(λ), we extended the curve in Figure 5 to a lower wavelength of 
200 nm and to a longer wavelength of 1200 nm. Ref. [34] indicates that the RI of human 
grey matter (cortex included) is 1.36 for the 456-1064 nm range. In our case and consider-
ing the same spectral range, we see that the rabbit brain cortex presents RI values between 
1.35 and 1.38. On the other hand, it has been reported by the authors of Ref. [35] that the 
rat brain cortex presents a RI of 1.3526 at 1100100 nm, and from our curve, we see that it 
is 1.3520 in that range. Authors of Ref. [36] reported that the cortex in rat brain presents 
an average RI value of 1.369, but no reference wavelength has been indicated for this 
value. We have obtained that value near 600 nm.  

Considering that our experimental measurements to obtain the RI of rabbit brain cor-
tex are accurate and also assuming that the calculated dispersion is valid outside the spec-
tral range that corresponds to our measurements, we will now present the spectral meas-
urements and calculations to obtain the spectral optical properties for this tissue. 

3.2. Spectral measurements and calculated spectral optical properties 
We initiated the spectral measurements by acquiring the Tt spectra from all ten sam-

ples. As explained in sub-section 2.3, we used the setup presented in Figure 3(a) to per-
form these measurements. Using the setup presented in Figure 3(b), we acquired the Rt 
spectra from the same ten samples, which were also submitted to measurements with the 
setup presented in Figure 3(c) to acquire the Tc spectra. The mean and SD for these meas-
urements are presented in Figure 6. 
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(c) 

Figure 7. Mean spectra and SD of the rabbit brain cortex: Tt(λ), Rt(λ) and Tc(λ). 
 
 
Although the Rt spectrum presented in Figure 6(b) shows small magnitude in the SD 

(less spreading between samples) for the entire spectral range, the tendency for Tt and Tc 
spectra is that the magnitude of the SD increases with increasing wavelength. Such fact 
shows that different tissue samples present different transparency for the longer wave-
lengths, but for shorter wavelengths they are very similar. 

Using the Tt and Rt spectra in Eq. (1), we calculated µa(λ), and once it was calculated, 
Eqs. (7) and (8) were used to obtain ntissue(λ) for the cortex. Both these graphs are presented 
in Figure 7. 

 

   
(a)        (b) 

Figure 7. Spectral curves of µa(λ) (a) and ntissue(λ) (b) for the rabbit brain cortex. 
 
As a result of the calculations made with Eq. (1), µa(λ) presents increasing magnitude 

for the SD with increasing wavelength. In this graph (Figure 7(a)), we see several absorp-
tion peaks. The first one occurs at 230 nm, which correspond to amino acid connections of 
tyrosine and tryptophan in proteins [37,38]. The brain and especially the cortex contains 
several proteins, such as actin, albumin, α-tubulin, β-tubulin, neuron-specific enolase 
(NSE) and vimentin [39]. The second band occurs at 267 nm, showing a combination of 
the absorption band of DNA/RNA at 260 nm with the one of hemoglobin at 274 nm [40]. 
We see also the other absorption bands of oxygenated hemoglobin in the visible range – 
411 nm (Soret band) and 540/570 nm (Q bands) [40]. The graph in Figure 7(a) also shows 
the absorption band of water at 980 nm [40].   

Considering the graph in Figure 7(b), the calculation of ntissue(λ) with K-K relations 
was also made ten times, using the ten µa spectra from previous calculations. Considering 
that we have extended the Cauchy-type curve to the deep-UV, we see a good matching 
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between the two curves in the entire spectral range, except in the locations of absorption 
bands of oxygenated hemoglobin. Such poor matching in those locations is due to the lack 
of hemoglobin sensibility in the total reflection method used to obtain the discrete RI val-
ues. 

The following step consisted on performing the IAD simulations to obtain discrete 
values of µ’s. Such simulations were also performed ten times, considering the experi-
mental measured spectra from the ten samples. On the other hand, using the calculated 
µa spectra in Eq. (2), we calculated ten spectra for µs. The mean spectra and SD data for µ’s 
and µs are presented in Figure 8. 

 

   
Figure 8. Spectral curves of µ’s(λ) and µs(λ) for the rabbit brain cortex. 
 
We can see from Figure 8 that as a result of fitting all µ’s and µs estimations with Eq. 

(3), both curves have a smooth decreasing exponential behavior with increasing wave-
length. Both curves approach each other at lower wavelengths, and as the wavelength 
grows they tend to differ, as previously observed for other studies [1,9]. Considering the 
wavelengths 635, 671 and 808 nm, we see that the average µ’s data in Figure 8 is 9.3, 8.6 
and 6.8 cm-1. The authors of Ref. [41] also presented µ’s data for the rabbit brain after freez-
ing at -20 °C. Although the data in that study is not specifically referred to the brain cortex, 
their results are not too dissimilar from ours: 11.2, 9.2 and 5.7 cm-1. Using the data in Figure 
8, we calculated g(λ) with Eq. (9). Figure 9 presents the result of this calculation. 

 

  
Figure 9. Spectral curve of g(λ) for the rabbit brain cortex. 
 
The wavelength dependence presented in Figure 9 shows the expected behavior for 

a biological tissue – g increases with increasing wavelength due to predominant Rayleigh 
scattering [1,9,10]. To finalize the calculation of the optical properties of the brain cortex, 
we used the µa and µ’s spectra in Eq. (18) to calculate δ(λ). Figure 10 presents the result of 
these calculations. 
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Figure 10. Spectral curve of δ(λ) for the rabbit brain cortex. 
 
Once again, the wavelength dependence presented in Figure 10 is according to what 

is described in literature for biological tissues – δ increases with wavelength. We also see 
that such increase seems to saturate near 800 nm. The existence of absorption bands in the 
graph presented in Figure 10 is due to the dependence of δ on µa.  

As a final discussion and interpretation of results, we have performed an additional 
analysis on µa(λ), which is presented in Figure 7(a). As previously described in literature 
[1], by evaluating the ratios for the absorption bands in the µa spectrum, we can estimate 
a measure of the blood content and possibly of other absorbers in the tissue. Looking into 
Figure 7(a), it seems that µa shows a baseline with some exponential decreasing depend-
ency with increasing wavelength in the entire spectral range. Such behavior was previ-
ously observed for human colorectal tissues, where a discriminated content of a pigment 
(lipofuscin) was detected for normal and pathological mucosa [1,19]. 

It has been reported that among other absorbers, the brain cortex accumulates both 
melanin and lipofuscin [42]. It has also been reported that melanin and lipofuscin have 
different mathematical equations to describe the wavelength dependence of their µa [43]: 

𝜇௔ି௠௘௟௔௡௜௡(𝜆) = 𝐴 × 𝜆ି஻, (20)

𝜇௔ି௟௜௣௢௙௨௦௖௜௡(𝜆) = 𝑒(஼ି஽×ఒ), (21)

where A, B, C and D are numerical parameters that can be determined when fitting exper-
imental data. According to Ref. [43], these equations are valid for the range between the 
visible and the near infrared range (450-900 nm). In our case, and since we performed our 
studies between 200 and 1000 nm, Eqs. (20) and (21) might not be suited to describe the 
wavelength dependencies for melanin and lipofuscin. Looking in literature to find 
broader spectra for these pigments, we found graphical data [44, 45], which we have re-
constructed, as presented in Fig. 11. 
 

  
Figure 11. Spectral curves of µa(λ) for melanin and lipofuscin. 
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As we can see from Figure 11, lipofuscin does not have a wavelength dependence as 
described by Eq. (21), especially in the deep-UV range. Regarding melanin, we tried to fit 
the data in Figure 11 with a curve as described by Eq. (20) and found that such equation 
only provides a good fitting between 450 and 900 nm. Indeed, for an extended wavelength 
range, such as 200-1000 nm as we are using in our study, we need to avoid using Eqs. (20) 
and (21). This way, we used the numerical data from Figure 11 to reconstruct the accumu-
lation of these pigments in the tissues used in our study. Such accumulation was found to 
be described as: 

with M(λ) and L(λ) representing the wavelength dependencies of the absorption coeffi-
cient of melanin and lipofuscin, respectively, as presented in Figure 11. Equation 22 de-
scribes well the decreasing behavior of the baseline observed for µa in Figure 7(a). Figure 
12 presents the µa(λ) of the rabbit brain (the same as in Figure 7(a)), the µa-pigment(λ) as 
described by Eq. (22) and a third curve, which represents the difference of the previous 
two. We have also presented in Figure 12 the ratios for the most significant absorption 
bands – DNA/RNA (260 nm) an oxygenated hemoglobin (Soret and Q-bands at 411 and 
555 nm). The ratios that are presented in blue were calculated for the peaks in the original 
µa(λ), considering the µa-pigment(λ) curve as baseline. The ratios that are presented in green 
were calculated in the same manner, but now considering the peaks in µa(λ) after sub-
tracting the curve for µa-pigment(λ). In this case, the baseline is the horizontal black line that 
was fixed at the minimum value of the green curve, which occurs at 804 nm. 

 

     
Figure 12. Wavelength dependencies of µa for the melanin and lipofuscin pigments 

and for the rabbit brain cortex, before (blue line) and after (green line) subtracting the 
absorption of the pigments. 

 
In a first analysis of the data in Figure 12, we see that by subtracting the absorption 

of the pigments to the calculated µa, a decrease has occurred in the entire spectral range. 
Performing a similar comparison with literature data as the one made for the µ’s data in 
Figure 8, we see some similarity between the corrected µa data in figure 12 and the one 
reported in Ref. [41] for the rabbit brain after freezing at -20 ºC. Considering once again 
the wavelengths 635, 671 and 808 nm, the corrected µa spectrum in Figure 12 presents the 
values: 0.8, 0.6 and 0.3 cm-1. 

Considering now the ratios presented in Figure 12 and comparing between the val-
ues obtained before and after subtracting the absorption of the pigments, we see that both 
melanin and lipofuscin were camouflaging the real content of both DNA/RNA and hemo-
globin in the rabbit brain. Such contents were not only small but deceiving, since from the 
blue curve in Figure 12 we see a higher ratio at the Soret band than at the DNA/RNA band. 
After subtracting the absorption of the pigments from the µa of the cortex, we see that in 
reality the DNA/RNA band presents a higher ratio than the one observed at the Soret 
band. 

a (
cm

-1
)

𝜇௔ି௣௜௚௠௘௡௧(𝜆) = 3.5 × 𝑀(𝜆) + 1.9 × 𝐿(𝜆), (22)
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According to Double et al. [22], both melanin and lipofuscin are two pigments that are 
produced within the brain and accumulate there at a slow pace since the early years of 
life. Lipofuscin accumulation in the brain has been associated with the brain cell aging 
process [22,46-48], while melanin has been suggested to be produced by brain cells as an 
iron-regulatory molecule with protective functions. A more recent review has been pub-
lished by Moreno-García et al. [23], where new findings on the melanin and lipofuscin ac-
cumulation in the brain and their interrelation is discussed. According to these authors, 
and considering the human brain, catecholaminergic neurons are characterized by an age-
related accumulation of melanin. When a neuron degenerates, it releases melanin and 
other products such undegraded cell components or lipids, a process that contributes to 
initiate and worsen an eventual immune response, which ultimately leads to the neuro-
degenerative process. These authors also reported that the accumulation of lipofuscin ag-
gregates in the brain during the normal aging process leads to striking morphological 
changes in neurons. Lipofuscin is described as an undigested bioproduct of central pro-
cesses of cellular detoxification of autophagy, which is associated with both the aging and 
the neurodegeneration processes in the brain. It is also referred that the colocalization of 
both melanin and lipofuscin may produce a redox crosstalk between them. Such crosstalk, 
under certain conditions, may induce the production of melanin from melanized 
lipofuscin and under the presence of ferrous sulfide, lipofuscin can be transformed into 
melanin after a pseudoperoxidation process [23]. We remember that the tissue samples 
used for our study were retrieved from adult rabbits, meaning that the accumulation of 
such pigments should be expected in our study. Other authors have also reported that 
such pigment accumulation is related to tissue and cell degeneration as a consequence of 
the aging process [46,49,50]. It has also been reported that lipofuscin is able to aggregate 
transition metals such as iron and copper, which turn this pigment cytotoxic, changing 
the oxidation of cellular components such as proteins, lipids and RNA/DNA [48]. In the 
case of brain tissues, such cellular changes may be at the basis of the degeneration and 
death of neurons has reported in Ref. [21], and may be the primary responsible for the 
occurrence of Alzheimer, Parkinson and stroke diseases. 

To prevent the development of such diseases, it is necessary to develop a noninvasive 
method to evaluate the accumulation of such age-related pigments in brain tissues. Since 
in our study we were able to detect the presence of such pigments from the µa(λ) of the 
brain cortex, possibly the use on noninvasive diffuse reflectance (Rd) measurements can 
be used to develop such method. As recently reported [19], such measurements can be 
combined with a machine learning approach to reconstruct µa(λ) and allow to monitor the 
pigment accumulation. 

 

5. Conclusions 
In this study, we have used spectral measurements from ex vivo brain cortex samples 

from adult rabbits to calculate the wavelength dependencies of tissues optical properties. 
The results obtained in this study are accordingly to others that have been reported for 
different biological tissues. An analysis on the absorption of the cortex showed that it con-
tains some pigments, namely melanin and lipofuscin, which hides the true content of 
other biological absorbers that the tissue contains. By reconstructing the exponential de-
creasing absorption with increasing wavelength of these pigments we were able to sub-
tract it from the calculated absorption coefficient of the cortex and such procedure permit-
ted the correct evaluation of the blood and DNA/RNA contents in the rabbit brain. 

The accumulation of such pigments has been described to be related to the degener-
ation processes that occur in tissues and cells as a consequence of the ageing process. In 
the case of the brain, such degeneration and consequent neuron death has been connected 
to the development of certain pathologies such as Alzheimer, Parkinson and stroke. Due 
to this relation it would be interesting to evaluate the content of melanin and lipofuscin in 
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brain tissues from animal specimens at different ages to monitor its progress. Such evalu-
ation could also be performed in humans to identify the pigment accumulation as a func-
tion of age and try to relate it with the development of brain diseases. To perform such 
evaluation in vivo in a noninvasive procedure, diffuse reflectance spectra could be ac-
quired and processed with machine learning methods to reconstruct the absorption spec-
tra of the brain tissues. There are several ethical and experimental issues associated with 
such research, but if the absorption spectra that quantifies pigment accumulation can be 
calculated from animal models, a method could be developed to prevent the development 
of age-related brain diseases.    
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