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ABSTRACT 

Optical characterization and internal structure of biological tissues is highly important for biomedical optics. In particular 
for optical clearing processes, such information is of vital importance to understand the mechanisms involved through 
the variation of the refractive indices of tissue components. The skeletal muscle presents a fibrous structure with an 
internal arrangement of muscle fiber cords surrounded by interstitial fluid that is responsible for strong light scattering. 
To determine the refractive index of muscle components we have used a simple method of measuring tissue mass and 
refractive index during dehydration. After performing measurements for natural and ten dehydration states of the muscle 
samples, we have determined the dependence between the refractive index of the muscle and its water content. Also, we 
have joined our measurements with some values reported in literature to perform some calculations that have permitted 
to determine the refractive index of the dried muscle fibers and their corresponding volume percentage inside the natural 
muscle. 

Keywords: Tissue optical properties; Tissue optics; Muscle; Refractive index mismatch; Scattering; Tissue optical 
clearing. 
 
 

1. INTRODUCTION 
 
One major objective in Biophotonics research is the optimization of light propagation inside biological tissues so the 
optical techniques can be fully used in clinical practice. To achieve such optimization it is first necessary to study and 
understand the difficulties that the nature of tissues imposes to light propagation. Only then we can plan and take 
corrective measures to optimize the action of light in clinical procedures. 
 
Every biological tissue presents two phenomena when in contact with light: tissues absorb and scatter light 1. Attending 
to the magnitude of the absorption and scattering coefficients of typical biological tissues, we observe that light is highly 
scattered than absorbed 1, 2. In face of this difference between the two phenomena, the scattering of light is considered the 
main obstacle to light propagation in biological tissues. 
 
To better understand why scattering is so strong in biological tissues (typically scattering coefficient is 10 – 20 times the 
absorption coefficient 1), we need to understand the cause of such high scattering. The scattering of light in biological 
tissues is originated into two independent ways. First, biological tissues contain elements, like muscle fibers, vesicles, 
cells, organelles and other components that scatter light. On the other hand, the heterogeneous composition of biological 
tissues (local variations of refractive index) originates also light scattering. By analyzing the two causes of light 
scattering, we verify that the first cannot be controlled without harming the tissue constitution. On the other hand, the 
second can be controlled without harming the tissue, by using the optical clearing treatment. With this method in 
particular we can optimize the propagation of light inside biological tissues. Research concerning the tissue immersion 
method for optical clearing has proven to be very effective 3, 4. 
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3. EXPERIMENTAL MEASUREMENTS 
 
Following the experimental method described in section 2 and selecting one muscle sample with 0.4 mm thickness, we 
have obtained the refractive index and mass measurements from the natural sample and from the sequential dehydrated 
states. These experimental values are represented in table 1: 
 
     Table 1: Mass and refractive index values of the tissue measured during dehydration 

Dehydration state Refractive index Mass (g) 

Natural 1.3980 0.1623 
1 1.3995 0.1455 
2 1.4105 0.1361 
3 1.4200 0.1252 
4 1.4295 0.1144 
5 1.4410 0.1053 
6 1.4525 0.0955 
7 1.4640 0.0860 
8 1.4785 0.0747 
9 1.4910 0.0654 

10 1.5035 0.0551 
 
With the measurements presented in table 1 we can represent the dependency between the refractive index and mass of 
the sample during dehydration: 
 

 
     Figure 2: Refractive index – mass dependence of the muscle sample during dehydration 

 
As we can verify from figure 2, the dependency is almost linear and the refractive index of the sample rises for lower 
sample’s mass. In other words, the refractive index increases with the dehydration of the sample. Additionally to the 
determination of such dependence, we can also perform some calculations to estimate the refractive indices and volume 
fractions of muscle components. Such calculations are presented in section 4.  
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4. CALCULATIONS 
 
According to the law of Gladstone and Dale, the refractive index of a biological tissue is a weighted combination of the 
refractive indices of the tissue components 3: 
 ݊௡௔௧௨௥௔௟ ൌ ௪݂௔௧௘௥݊௪௔௧௘௥ ൅ ௗ݂௥௬݊ௗ௥௬.             (1) 

 
Additionally, the volume fractions of tissue components, when summed together, must equal the total volume of the 
tissue sample 3: 
 ௪݂௔௧௘௥ ൅ ௗ݂௥௬ ൌ 1.            (2) 

 
As we can observe in figure 1, the skeletal muscle from the abdominal wall of rat is a fibrous tissue composed by a 
collection of muscle fiber cords distributed through the interstitial fluid. Such fluid is located in-between the fiber cords 
and also inside the cords. It is mainly composed by water, but it also contains a small percentage of salts and minerals. 
The muscle fiber cords cross-sections are well seen in figure 1, being surrounded by the interstitial fluid. 
 
The volume fraction of water in rat muscle is indicated in literature as 0.756 5. The refractive index of water in natural rat 
skeletal muscle can be calculated for a specific wavelength by equation 3 3: 
 ݊௪௔௧௘௥ሺߣሻ ൌ 1.31848 ൅ ଺.଺଺ଶఒିଵଶଽ.ଶ.            (3) 
 
Considering the Abbe refractometer that we have used to measure the refractive index of the muscle samples, the 
reference wavelength is 589 nm. For this wavelength, equation 3 gives 1.3330 for the refractive index of water. 
 
Since the density of water is 1 ݃ ܿ݉ଷ⁄ , we can consider that the density ሺߩሻ of a material is defined in ݃ ܿ݉ଷ⁄  by 
equation 4: 
ߩ  ൌ ௠௔௦௦௏௢௟  .        (4) 
 
By interchanging volume and density in equation 4, we obtain an expression to determine the volume as a function of 
mass and density. 
 
In the case of natural rat muscle, we can also write the volume fraction of water as the ratio of water volume and sample 
volume: 
 ௪݂௔௧௘௥ ௡௔௧௨௥௔௟ ൌ ௏ೈ௏ೞೌ೘೛೗೐ష೙ೌ೟ೠೝೌ೗ .         (5) 

 
Tissue water mass is the difference between natural sample and completely dehydrated sample mass. Using this fact, 
considering equation 4 and using the densities of water ሺߩௐሻ and dry matter ൫ߩௗ௥௬൯, equation 5 takes the form 6: 
 ௪݂௔௧௘௥ ௡௔௧௨௥௔௟ ൌ ൫௠௔௦௦೙ೌ೟ೠೝೌ೗ି௠௔௦௦೏ೝ೤൯ఘೈషభఘೈషభ൫௠௔௦௦೙ೌ೟ೠೝೌ೗ି௠௔௦௦೏ೝ೤൯ାఘ೏ೝ೤షభ ௠௔௦௦೏ೝ೤ .    (6) 

 
Since ߩௐ ൌ 1, the previous equation can be simplified: 
 ௪݂௔௧௘௥ ௡௔௧௨௥௔௟ ൌ ௠௔௦௦೙ೌ೟ೠೝೌ೗ି௠௔௦௦೏ೝ೤௠௔௦௦೙ೌ೟ೠೝೌ೗ିቀଵିఘ೏ೝ೤షభ ቁ௠௔௦௦೏ೝ೤ .           (7) 

 
Performing a similar deduction, the volume fraction of the dry matter in the natural sample can be calculated by the 
following equation: 
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ௗ݂௥௬௡௔௧௨௥௔௟ ൌ ఘ೏ೝ೤షభ   ௠௔௦௦೏ೝ೤௠௔௦௦೙ೌ೟ೠೝೌ೗ିቀଵିఘ೏ೝ೤షభ ቁ௠௔௦௦೏ೝ೤.     (8) 

 
In each dehydrated state of the tissue in which we have taken experimental measurements, we need corrected versions of 
equations 7 and 8 to determine the volume fractions of water and dry matter. This way, for each dehydrated state i of the 
tissue, we consider the following relations: 
 ௪݂௔௧௘௥௜ ൌ ௠௔௦௦೔ି௠௔௦௦೏ೝ೤௠௔௦௦೔ିቀଵିఘ೏ೝ೤షభ ቁ௠௔௦௦೏ೝ೤.            (9) 

 

ௗ݂௥௬௜ ൌ ఘ೏ೝ೤షభ   ௠௔௦௦೏ೝ೤௠௔௦௦೔ିቀଵିఘ೏ೝ೤షభ ቁ௠௔௦௦೏ೝ೤.      (10) 

 
At every tissue state (natural or dehydrated) the sum of the volume fractions in equations 9 and 10 must be equal to 1. 
To calculate the volume fractions of dry matter and water for each dehydrated state with the previous equations, we have 
used the measurements presented in table 1.  
 
In these equations we have two unknown parameters: dry matter density and dry matter mass. We do know that these 
parameters do not change during dehydration. By the time we have performed this study, the dry matter density of rat 
muscle had not been already reported. On the other hand, some researchers have reported some values for no fat bovine 
muscle 7, 8, 9. These values were used in our calculations as the best approximation available. We can calculate the dry 
matter volume fraction from the water volume fraction of 0.756 that has been reported 5. 
 
In the following calculations, we will use the available data to estimate the variation of sample water content in the 
dehydration process. Using the natural water volume fraction of rat muscle, along with the dry matter density of no fat 
bovine muscle in equation 6, we have determined the dry matter mass for rat muscle. We have performed this calculation 
twice, considering both the dry matter density values measured by different research groups 8, 9.  
 
According to data from the first group of researchers, bovine muscle presents a dry matter density of ߩ ሺ݃/ܿ݉ଷሻ ൌ1.55 െ 0.349 ൈ 10ିଷ ܶ, with T representing the absolute temperature of the sample (measured in Kelvin) 8. For 27 ºC 
(300 K) and dry matter density of 1.446 ݃/ܿ݉ଷ, we obtain a dry mass of 0.0516 g. 
 
Another group has reported a density of 1.348 ݃/ܿ݉ଷ for the dry matter of bovine muscle at 10 ºC (283 K) 9. This data 
corresponds to 0.0492 g of dry matter mass in our case. 
 
Based on the previous calculated values, we have determined the refractive index of dry matter for each tissue state 
(natural and dehydrated). For these calculations, we have used the following derivation of equation 1: 
 ݊ௗ௥௬௜ ൌ ௡ೞೌ೘೛೗೐೔ ି௡ೢೌ೟೐ೝ௙ೢ ೌ೟೐ೝ೔ଵି௙ೢ ೌ೟೐ೝ೔  .        (11) 

 
Table 2 contains the calculated refractive index values for dry matter and water content in each dehydrated state 
according to data from the first research group 8: 
 
     Table 2: Calculated values for water content and dry matter refractive index during dehydration based on data from reference 8 

Sample state 
Natural Dehydrated 

  i=1 i=2 i=3 i=4 i=5 i=6 i=7 i=8 i=9 i=10 ௪݂௔௧௘௥௜  0.7560 0.7245 0.7030 0.6734 0.6376 0.6007 0.5515 0.4907 0.3929 0.2788 0.0893݊ௗ௥௬௜  1.5995 1.5742 1.5939 1.5995 1.5993 1.6036 1.5996 1.5902 1.5727 1.5521 1.5203
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This way we have calculated the mean and standard deviation of the refractive index for the dry matter of rat muscle, 
using the following two equations 10: 
 ݊ௗ௥௬തതതതതത ൌ ଵே ∑ ݊ௗ௥௬௜ே௜ୀଵ .             (12) 

൫݊ௗ௥௬൯݀ݏ  ൌ ට ଵேିଵ ∑ ൫݊ௗ௥௬௜ െ ݊ௗ௥௬തതതതതത൯ே௜ୀଵ ଶ
.               (13) 

 
The results from these calculations were: 

 
     ݊ௗ௥௬തതതതതത ൌ ൫݊ௗ௥௬൯݀ݏ     ,1.5823 ൌ 0.0260. 

 
We have performed a similar calculation to estimate the refractive index of the dry matter of rat muscle, but now based 
on data from the other research group 9. Once again, using our mass measurements during dehydration and performing a 
similar calculation, we have determined the volume fractions of water and the refractive index of the dry matter for all 
the dehydration states of the muscle. The results are presented in table 3: 
 
     Table 3: Calculated values for water content and dry matter refractive index during dehydration based on data from reference 9 

Sample state 
Natural Dehydrated 

  i=1 i=2 i=3 i=4 i=5 i=6 i=7 i=8 i=9 i=10 ௪݂௔௧௘௥௜  0.7560 0.7252 0.7042 0.6756 0.6411 0.6058 0.5592 0.5020 0.4113 0.3074 0.1392݊ௗ௥௬௜  1.5995 1.5750 1.5950 1.6011 1.6018 1.6071 1.6041 1.5960 1.5801 1.5611 1.5310
 
From data in table 3 we have also calculated the mean and standard deviation of dry matter’s refractive index, obtaining 
the following: 
 

     ݊ௗ௥௬തതതതതത ൌ ൫݊ௗ௥௬൯݀ݏ            ,1.5865 ൌ 0.0233. 
 
Considering the muscle water content values presented in tables 2 and 3, we can represent their evolution as a function of 
sample mass to verify if they are similar or not. Figure 3 contains these two dependences between tissue water content 
and sample mass during the dehydration process for the two cases studied: 
 

 
     Figure 3: Dependence between tissue water content and sample mass calculated on the basis of dry matter densities measured by 

different research groups (◊ - at 27 ºC and  10 - ׏ ºC). 
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As we can see from figure 3, both cases show the same behavior, although the water content values for a temperature of 
27 ºC are a little higher for the more dehydrated sample. The difference is not too significant. As the tissue becomes 
more hydrated, we verify a greater accordance between the two cases studied, which indicates that the choice of dry 
matter density of bovine muscle for the two temperatures was a good choice to perform our study. 
 
Finally, with the results from our calculations we can characterize the skeletal muscle from rat in terms of refractive 
indices and volume fractions of its components. Table 4 contains the data for this characterization: 
 
     Table 4: Optical characterization parameters for natural abdominal wall muscle of rat. 

Natural rat muscle 
Global refractive index 1.3980 

Water content 0.756±0.003 

Dry matter content 0.244±0.003 

Dry matter refractive index (mean from both cases calculated above based 
on data from different groups) 1.584±0.025 

Refractive index of water (calculated by equation 3) 1.3330 
 
 

5. DISCUSSION AND CONCLUSION: 
 
As we could see with this study, it was possible to obtain important data concerning the constitution of a fibrous tissue 
like the muscle and to discriminate the optical properties of its components by using a very simple experimental method. 
The knowledge of these parameters is of great importance for other studies, like for instance the ones of optical clearing 
treatments of tissues that we have also performed 4, 11. 
 
By knowing the magnitude of the step in the refractive index profile of the natural muscle we could understand and 
quantify the refractive index matching mechanism that occurs during optical clearing with different agents like glucose 
or propylene glycol. 
 
The simplicity of the experimental study that we here describe can be easily adapted to other types of biological tissues 
to perform a similar characterization. 
 
The information obtained from this study is very important for the development of new optical clinical methods in the 
muscle and will lead to the optimization of optical clearing treatments in clinical procedures that use optical 
technologies. 
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