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Abstract.  Laser diagnostics and treatment procedures are com-
monly performed for visible and near-IR wavelengths. The knowl-
edge of the wavelength dependences for the optical properties of 
various biological tissues in this spectral range is useful for clinical 
applications. Since the optical properties of human liver have been 
previously known only for near-IR wavelengths, the aim is to esti-
mate their wavelength dependences between 400 and 1000 nm. 
Using spectral measurements from liver samples in this range, we 
determine their optical properties with the inverse adding-doubling 
method. The obtained results indicate the presence of bile, oxyhae-
moglobin and deoxyhaemoglobin in human liver. The combination 
of these biological components results in strong absorption for 
wavelengths between 400 and 600 nm, with peaks at unusual wave-
lengths. For wavelengths above 600 nm, the wavelength depen-
dences for all optical properties present the typical behavior, but 
strong and shifted absorption observed for wavelengths below 600 nm 
has been previously unknown and can be useful for clinical proce-
dures with lasers working in this range.

Keywords: human liver, lasers, inverse adding-doubling, absorption 
coefficient, scattering coefficient, scattering anisotropy factor, light 
penetration depth.

1. Introduction and theoretical background

Noninvasive diagnosis or treatment procedures are made using 
lasers at various wavelengths. Considering the wavelength 

range from 400 to 1000 nm, many different lasers are used in 
diagnostic and therapeutic techniques such as photody-
namic therapy [1], interstitial thermal therapy [1] or plas-
monic-resonant photothermal therapy [1 – 2]. The quantifi-
cation of tissue’s optical properties in such a wide wave-
length range is therefore important. Mapping the optical 
properties of biological tissues is also highly important for 
the development and improvement of biophotonics tech-
niques. Since the optical properties of tissues are their opti-
cal identity card, their knowledge is necessary so that light 
propagation models can be created and adjusted from tissue 
to tissue [3 – 5]. With the exception of the refractive index 
(RI), which can be measured directly, tissue’s optical prop-
erties must be estimated from optical measurements. Indirect 
estimation methods, based on common optical measure-
ments like collimated transmittance (Tc), total transmittance 
(Tt ) and total reflectance (Rt) are inexpensive and fast and 
provide a good alternative to obtain the optical properties of 
biological materials with considerable precision. The most 
known estimation methods are inverse Monte Carlo (IMC) 
[6] and inverse adding-doubling (IAD) [7]. The codes of these 
estimation methods were developed in the 1990s and are still 
today the most accurate codes used for estimating the optical 
properties. In each of these estimation methods, a large num-
ber of photons are used to interact with a tissue with a pre-
established set of optical properties. Based on these pro
perties and using the radiative transfer theory, some mea-
sureable quantities, like Tt, Rt and Tc, are estimated [8]. Such 
estimated quantities are compared with experimental mea-
surements and if the difference between generated and 
experimental data is too high, the optical properties consid-
ered in the simulation are corrected to simulate again. These 
methods are iterative and they run until a minimum differ-
ence is obtained between generated and experimental data 
[9]. According to the literature [10], the IMC method is more 
accurate than the IAD, but simulations with the IAD method 
are faster and quite precise [8, 10]. Both the IAD and the 
direct MC codes are kept available online at the website of 
the Oregon Medical Laser Center [11]. The IMC code is not 
available, but it can be developed from the direct MC code. 
The estimation of the optical properties with these codes is 
made for individual wavelengths, meaning that to obtain the 
wavelength dependences for the optical properties of a tissue 
within a spectral range, it is necessary to perform several 
simulations – one for each wavelength.

The interest in the wavelength dependences of tissue’s 
optical properties is big and some recent papers present 
such data for tissues like: skull [12], skin, subcutaneous and 
mucous tissues [13], breast [14], colorectal tissues [3, 8, 9], fore-
arm, calf and head tissues [15], peritoneal tissues [10] or stom-
ach mucosa [16].
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Steven Jacques’ recent paper [17] published in 2013 pres-
ents also considerable data for various tissues and describes 
the common equations to fit the dependences of the scattering 
coefficient ( ms) and the reduced scattering coefficient ( m's) on 
the wavelength l:

ms(l) or  m's(l) = a' 
500

( )
nm

f f1Ray Ray

4l
+ -

-

c m;

	 ´
500 nm

bMiel -

c m E.	 (1)

The two terms in Eqn (1) describe the contributions of 
Rayleigh and Mie scattering to ms (or m's), where fRay is the 
fraction of the Rayleigh scattering contribution and bMie 
characterises the mean size of the Mie scatterers. Since in 
Eqn (1) the wavelength is normalised to 500 nm, a' represents 
the ms (or m's) value at that wavelength.

In general, both scattering coefficients exhibit a smooth 
decreasing behaviour from the ultraviolet to the near-IR 
(NIR) wavelengths. The wavelength dependence for the 
absorption coefficient (ma) is not usually described in the lit-
erature, since the contribution of many tissue components 
(myoglobin, haemoglobin, lipids, proteins, water, etc.) turn it 
unsmooth. We have to consider that biological tissues have 
internal heterogeneous composition [8] and their optical 
properties are in fact an average result of the contributions 
from all tissue components. The scattering anisotropy factor 
g presents an increasing behavior with wavelength for the 
visible-to-NIR wavelength range [17]. This behaviour is in 
general well fitted with an exponential equation, as described 
by Eqn (2) [10] or Eqn (3) [8]:

g(l) = a + b  exp
d
c1 l

-
-c m; E,	 (2)

g(l) = a exp(bl) – c exp(– dl).	 (3)

The appropriate values for the parameters a, b, c and d are 
estimated when the data fitting is performed. The scattering 
coefficients and g are related through Eqn (4), meaning that if 
we have two of them, the calculation of the third one is pos-
sible [4, 10]:

m's(l) = ms(l)[1 – g(l)].	 (4)

Once these optical properties are estimated, they can be used 
to calculate others. One of very useful parameters is the light 
penetration depth [9, 13]:

d(l)  = 
( ))ls( ) ( ( )3

1

a am l m l + ml
.	 (5) 

The light penetration depth is necessary for accurate determi-
nation of the irradiation dose in photothermal and photody-
namic therapy procedures of several diseases [4].

A no less important optical property of biological tissues 
is the RI. The RI can be measured experimentally and it also 
depends on the wavelength. Usually, the RI decreases with 
wavelength within the visible-to-NIR range. The common 
equations that are used to fit such wavelength dependence 

are the Cauchy equation (6), the Conrady equation (7) and 
the Cornu equation (8) [18, 19]:

n(l) = A + B C
2 4l l
+ ,	 (6)

n(l) = A + B C
.3 5l l

+ ,	 (7)

n(l) = A + 
( )C
B

l-
.	 (8)

The RI is in general measured at discrete laser wavelengths 
and then the experimental data is fitted with one of the previ-
ous equations. All these equations can be tested to see which 
one provides a better data fitting. When the best equation is 
selected and the fitting is made, the parameters A, B and C are 
estimated.

The human liver is a very important organ, since it metab-
olises drugs, detoxifies chemicals and filters blood coming 
from the digestive tract, before passing it to the rest of the 
body [20]. For human adults, liver contains a total of 74.5 % 
of water and the remaining 25.5 % are a combination of lipids, 
proteins, carbohydrates and minerals [21]. Roughly hexago-
nal units, designated as hepatic lobules, compose the liver. 
Each of these units is composed of liver parenchymal cells 
(hepatocytes), arranged into plates, lined by a vascular net-
work of sinusoids that empty into a central vein, and a portal 
triad at the lobule’s corners. Portal triads or portal tracts are 
structural element of the liver located at the vertices of the 
hepatic lobule, typically containing a branch of the hepatic 
artery, a branch of the portal vein and a bile duct. Figure 1 
presents a typical histology section of human liver.

There are several diseases that can develop in liver, namely, 
hepatitis, cirrhosis and various forms of liver cancer [20, 22]. 
Due to the importance of liver functions and also since vari-
ous pathologies can develop in this organ, its optical proper-
ties are of interest for clinical research, as demonstrated by 
some publications. Beauvoit et al. [23] studied the contribu-

100 mm

Figure 1.  Human liver histology section, showing hepatocyte plates 
and a portal triad ( lower left ) (HE, 100´).
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tion of mitochondria in the optical properties of rat liver at 
780 nm, and Ritz et al. [24] compared the optical properties of 
normal and coagulated porcine liver. A study was also pub-
lished where no significant variations are observed on the 
optical properties of rat liver at 830 nm when treated with 
some optical clearing agents (OCAs) [25].

With the objective of estimating the wavelength depen-
dences of the optical properties of human liver between 400 
and 1000 nm, we have performed some sets of optical mea-
surements and IAD simulations.

2. Materials and methods 

To estimate the optical properties of human liver from visi-
ble-to-NIR wavelength range, we have performed various 
optical measurements and used the IAD simulations. Sub-
section 2.1 describes the methodology used to collect and 
prepare the tissue samples. The procedure used for the RI 
measurements and liver dispersion estimation is presented in 
Sub-section 2.2, while the procedures used to obtain the 
spectral Tc, Tt and Rt measurements are described in Sub-
section 2.3. The estimation of the optical properties is 
described in Sub-section 2.4.

2.1. Sample collection and preparation

Five human adults, aged between 41 and 61, undergoing par-
tial liver resection at the Portuguese Oncology Institute of 
Porto, Portugal, have signed a written consent previous to 
surgical interventions, allowing the subsequent use of surgical 
specimens for diagnostic and research purposes. The agree-
ment has been approved by the Ethics Committee of the 
Portuguese Oncology Institute of Porto, Portugal.

Since surgeries usually occur during the afternoon, liver 
excisions were kept frozen at – 80 °C for 16h before prepara-
tion to use in studies during the following day. Early in the 
morning of the day following surgery, samples were immersed 
in distilled water to defreeze and reach natural hydration.

Smaller liver samples were prepared from the liver resec-
tions with circular form of diameter 10 mm and thickness of 
0.5 mm. A cryostat (CM 1850 UV LeicaTM model) was used to 
prepare these samples and the thickness precision was 10 mm. 
Distilled water was again used to freeze the samples, prior to 
slicing with the cryostat. A total of 30 samples were prepared 
with these dimensions to be used in the spectral measurements 
of Tc, Tt and Rt.

For the RI measurements, on the other hand, we pre-
pared a total of 3 samples of rectangular shape (~ 4 ́  3 cm) 
and ~ 1 cm thickness. These samples were flattened with the 
cryostat on one side to adhere perfectly to a prism surface 
during measurements with the total internal reflection 
method.

2.2. Estimation of liver dispersion

To estimate the dispersion of human liver between 400 and 
1000  nm, we used the total internal reflection method 
[18,  19, 26 – 29]. The setup used to perform the measurements 
with various lasers at different wavelengths is presented in 
Fig. 2.

Each of the three samples was used to measure the RI at 
different laser wavelengths with the setup in Fig. 2. The laser 
wavelengths used in these measurements were 401.4, 532.5, 
668.1, 782.1, 820.8 and 850.7 nm [30, 31]. A mean RI value for 

liver was obtained at each of these wavelengths [29, 30] and 
using CFTOOL from MATLABTM, Eqns (6 – 8) were tested 
to fit that data. The best fitting was obtained with the Cornu 
equation (8), where the R-square was 0.999. The calculated 
dispersion for human liver between 400 and 1000 nm is desc
ribed by Eqn (9) [29].

Tissue
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Laser Detector
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Figure 2.  Setup used for RI measurements with the total internal reflec-
tion method.
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Figure 3.  Setups for spectral measurements of ( a ) Tt, ( b ) Rt and ( c ) Tc. 
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nliver(l) = 1.3535 + .
.
37 24

13 56
l-

.	 (9)

The RI values for the liver to be used in the IAD simulations 
were retrieved from this equation, as explained in Sub-
section 2.4.

2.3. Spectral optical measurements

As previously indicated, we used the IAD simulation code to 
estimate the wavelength dependences for the optical proper-
ties of human liver between 400 and 1000 nm. We needed to 
conduct optical spectral measurements of Tc, Tt and Rt from 
native liver samples in the same spectral range, since they are 
also needed in the simulations. For each of these measure-
ments, 10 spectra were acquired from individual samples, so 
that a complete set of simulations could be done for each tis-
sue sample and finally averaged to obtain statistical results. 
The setups used to perform these measurements are presented 
in Fig. 3. The mean spectra acquired with each of these setups 
are presented in Section 3.

2.4. Estimation of spectral optical properties of human liver

After acquiring all necessary experimental data, we esti-
mated the optical properties of human liver, by performing 
several IAD simulations. Since each simulation is referred to 
a single wavelength, we had to select various wavelengths 
within the 400 – 1000 nm range to obtain good wavelength 
dependence for the optical properties of liver. Human liver 
contains a significant amount of blood, meaning that we 
need to obtain a good wavelength resolution near the 
absorption bands of myoglobin and haemoglobin. The 
wavelengths to perform the IAD simulations were selected 
at each 25 nm between 400 and 1000 nm. Additionally, 
between 400 and 600 nm, we selected other wavelengths sep-
arated by 10 nm.

Considering each of the 10 liver samples, we performed a 
set of IAD simulations, one for each of the selected wave-
lengths. The inputs for these simulations were the experimen-
tal Tc, Tt and Rt data at the corresponding wavelengths, the 
RI from Eqn (9) at the same wavelengths and the sample 
thickness of 0.5 mm. The outputs of the simulation are ma, μ's 
and g for the same wavelengths. Since g is not obtained with 
good precision from IAD simulations, we neglected this result. 
Instead, using the generated μa and sample thickness d, we 
calculated μs from the Tc measurements directly:

ms = – 
ln
d
Tc

am- .	 (10)

Using μ's and μs in Eqn (4), we calculated g for each wave-
length and for each sample. Finally, using μ's and μa data in 
Eqn (5), we also calculated d for each wavelength and for 
each sample. After obtaining the wavelength dependences of 
all optical properties for each of the 10 samples, mean spectral 
optical properties between 400 and 1000 nm were calculated. 
The results are presented in Section 3.

3. Results

As a result of our previous RI study for human liver [29], the 
estimated dispersion curve [Eqn (9)] is presented in Fig. 4. The 
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Figure 4.  Wavelength dependence for the RI of human liver.

400 450 500 550 600 650 700 750 800 850 900 l/nm

400 450 500 550 600 650 700 750 800 850 900 l/nm

400 450 500 550 600 650 700 750 800 850 900 l/nm

Tc (%)
11

10
9

8
7

6
5

4
3
2

1
0

Tt (%)

60
55
50
45
40
35
30
25
20
15
10

5
0

Rt (%)
15
14

13

12

11

10

9

8

7

6
5
4

a

b

c

Figure 5.  Mean spectra from human liver for ( a ) Tc, ( b ) Tt and ( c ) Rt. 
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RI values to be used in the IAD simulations were retrieved 
from this curve.

The spectral measurements obtained from all the 10 sam-
ples were averaged, so that Fig. 5 presents the statistical mean 
and standard deviation (SD) for Tc, Tt and Rt spectra of 
human liver.

All graphs in Fig. 5 have a wavelength resolution of 1 nm 
and the bars presented at each 50 nm represent the SD values 

calculated from the 10 measurements. These bars are only 
presented at each 50 nm for better visual perception. All 
graphs show the presence of blood in the studied liver sam-
ples. All the mean spectra represented in Fig. 5 show similar 
wavelength dependences similar to those obtained for other 
biological tissues, which can be found in the literature [9, 16]. 

Using the spectral data from each of the 10 individual 
samples we estimated the spectra for the optical properties of 
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Figure 6.  Mean optical properties [( a ) ma, ( b ) m's, ( c ) ms, ( d ) g and ( e ) d] of human liver between 400 and 1000 nm.
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human liver, through IAD simulations and calculations with 
Eqns (4), (5) and (10). The mean spectra for the optical prop-
erties of human liver, presented in Fig. 6, were calculated 
from the individual estimated/calculated results. 

The estimated data points and the represented error bars 
in all graphs in Fig. 6 have the wavelength resolution indi-
cated in Sub-section 2.4.

For the graph of ma presented in Fig. 6a, we have intro-
duced a smooth spline to interpolate estimated data. The curve 
presented in the graph of Fig. 6b was calculated according to 
Eqn (1) to fit the µ's data:

m's(l) º 25.34  . 500
( . )

nm
0 3537 1 0 3537

4l
+ -

-

c m;

	 ´
500 nm

.0 6422l -

c m E.	 (11)

The data fitting with Eqn (11) was obtained with an R-square 
value of 0.9999, by neglecting the estimated points between 
420 and 625 nm. Equation (11) shows that the Rayleigh con-
tribution is a little smaller than the Mie contribution, i. e. 
fRay = 0.3537.

A similar procedure was made to fit the µs data. The fit-
ting curve presented in the graph of Fig. 6c was obtained by 
neglecting the estimated points between 430 and 650 nm, with 
an R-square value of 0.9985, and is described as:

ms(l) º 86.55  . 500
( . )

nm
0 112 1 0 112

4l
+ -

-

c m;

	 ´
500 nm

.0 6317l -

c m E.	 (12)

In this case, the Rayleigh contribution is significantly smaller 
than the Mie contribution, since fRay = 0.112.

For the case of g(l), the calculated data could be fitted 
with a curve described by Eqn (3), but only for wavelengths 
above 510 nm. The calculated fitting curve that is presented in 
Fig. 6d was obtained with an R-square value of 0.9947 and is 
described by: 

g(l) º 0.8275 exp(– 6.782´10–5 l)

	 – 72.98 exp(– 0.01095 l).	 (13)

Finally, for the case of d, we see a typical wavelength depen-
dence [9] – low values of d where absorption is high and 
increasing with wavelength where absorption decreases. The 
curve presented in the graph of Fig. 6e is a simple smooth 
spline that interpolates the calculated points. In that curve we 

see the water absorption band in the NIR range, with the 
peak near 950 nm [8]. The error bars in Fig. 6e result from the 
calculation with Eqn (5) and they show small values below 
600 nm. These low values for the SD at low wavelengths indi-
cate great similarity between the 10 samples studied in terms 
of bile and blood content.

From the data in the graphs of Fig. 6, we retrieved the 
values for the various optical properties of human liver at 
typical laser wavelengths. The data is presented in Table 1.

4. Discussion

Figure 6a shows strong absorption for wavelengths below 
600 nm and low absorption at higher wavelengths. This is a 
typical absorption spectrum for biological tissues [8, 9], result-
ing from the presence of blood, but the absorption peaks are 
not located at the expected wavelengths. It is well known that 
normal oxygenated blood presents three bands: at 415 nm 
(Soret band) and at 542 and 578 nm (Q-bands). Deoxygenated 
blood presents two bands at 425 and 554 nm [4]. For the case 
of rat liver, studies have showed the presence of deoxygenated 
blood at these wavelengths [32], and for native and coagu-
lated porcine liver, peaks at these wavelengths were also 
found [24]. In our case, we obtained also three absorption 
peaks, but located at 460, 515 and 550 nm. This means that 
we are not seeing only blood in the liver samples. Some other 
chromophore in the liver samples that we used in our study 
shifted the absorption peaks. According to Ref. [33], bile is an 
endogenous compound which is abundant in liver. Bile has a 
specific absorption spectrum with a local minimum at 350 nm 
and local maxima at 409 and 605 nm [34]. The total absorp-
tion of tissue is described as the sum of the absorptions of the 
various tissue chromophores [34]:

maTissue (l) = mablood (l) + maH2O (l) + mabile (l) + ... ,	 (14)

where mablood (l), maH2O (l) and mabile (l) are the absorption spec-
tra of blood, water and bile. For a typical biological tissue, 
other chromophores, like lipids, for example, might be pres-
ent and the absorption spectrum of blood might have a com-
bination of oxygenated and deoxygenated haemoglobin. 
Since we saw in Fig. 6a the occurrence of the three peaks at 
unexpected wavelengths between 400 and 600 nm, we might 
explain such peaks as a combination of oxygenated and deox-
ygenated blood with bile in specific quantities. The determi-
nation of the precise content for each of these chromophores 
would be possible with further studies and analysis. For 
wavelengths between 600 and 1000 nm, the values of µa 
decrease, showing a similar behavior to the one observed for 
tissue phantoms [35], or other biological tissues, such as 
colorectal tissues [8,  9]. The observed µa values for these lon-
ger wavelengths are similar to the ones observed for chicken 
and porcine liver [24,  36, 37]. The same evidence of a combi-
nation between bile and oxygenated/deoxygenated blood in 
the liver samples is also visible in the graphs of Fig. 6 for µ's, 
µs and g.

When fitting µ's, µs and g data, we neglected some points 
within particular wavelength ranges, as indicated in Section 3. 
Those neglected points that are not well fitted by typical 
equations within the entire range from 400 to 1000 nm indi-
cate the presence of bile, oxygenated and deoxygenated blood 
in human liver samples. This evidence is not observed for 

Table  1.  Mean optical properties of human liver at laser wavelengths.

Laser Wavelength/nm
µa 

/cm–1

µ's 

/cm–1

µs 

/cm–1 g
d 

/mm
He – Cd 441.6 32.5 32.42 99.09 0.6139 124,4

Ar+ 488 30.8 26.51 88.73 0.5445 134.9

He – Ne 632.8 9.18 17.56 70.00 0.7214 366

Ruby 694.3 6.16 15.67 65.06 0.7529 502.6

Nd : YAG 946 4.00 11.57 52.13 0.7738 750.6
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native porcine liver, since the published data [24] for this ani-
mal can be fitted with the typical curves in the entire range 
from 400 to 1000 nm.

For wavelengths longer than those where our data is not 
well fitted, the decreasing wavelength dependence observed 
for µ's and µs and the increasing wavelength dependence 
observed for g correspond to those that were observed for tis-
sue phantoms [35], for other human tissues [8, 9], and also for 
animal [24, 37] or human liver [36], although the magnitude of 
the values is different.

The wavelength dependences for the optical properties of 
human liver between 400 and 1000 nm were not previously 
known. By performing this study, we could estimate those 
wavelength dependences and observe that in the case of 
human liver, the combination of some chromophores pro-
duces significant changes in those wavelength dependences 
for small wavelengths. 

5. Conclusions

The estimation of the wavelength dependences of tissue’s 
optical properties is highly necessary for the development of 
light propagation models and methods to be used in clinical 
diagnosis and treatment. Liver is a highly important organ in 
the human body and various pathologies are known to 
develop there, meaning that the estimation of its optical prop-
erties is of high interest. The estimated wavelength dependences 
for the optical properties of human liver allow for identifica-
tion of liver properties at individual laser wavelengths which 
are used in diagnostics and treatment procedures. These 
results show that the absorption coefficient indicates the pres-
ence of oxy- and deoxy-haemoglobin and also of bile in the 
liver samples that were studied. Their combination leads to 
strong absorption for wavelengths below 600 nm and changes 
also the wavelength dependence of the other optical proper-
ties in this wavelength range. The absorption spectra of bile 
and oxy- and deoxy-haemoglobin can be used in future stud-
ies to estimate the content of these chromophores in liver 
samples.

The results presented for the natural liver can also be used 
as reference to evaluate the kinetics of the optical properties 
during optical clearing treatments to be applied to the liver. 
Using data measured during such treatments, we plan evalu-
ate the kinetics for the refractive index, scattering coefficients 
and g.

We plan to conduct similar studies to estimate the wave-
length dependence for the optical properties of other biologi-
cal tissues in the near future.
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