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ABSTRACT

The optical properties and physiology of biological tissue, as well as how near-infrared (NIR) light interacts with 
the tissue, both play a significant role in interpreting the tissue probing optical measurements, and in solving the 
inverse problem of near-infrared spectroscopy (NIRS)-based medical imaging modalities such as diffuse optical 
tomography and functional near-infrared spectroscopy. This paper discusses the optical properties of tissue, 
specifically in the NIR wavelength range, which influence NIRS measurements in  NIRS-based medical imaging. 
There is an easy-to-understand explanation given in this paper of the NIR light-tissue interaction phenomenon. 
The mathematical explanation, the processes involved in the interaction, and the rationale for a few approxima-
tions are described. Various types of chromophores present in the tissue, their composition in the tissue, and 
how these chromophores overall affect the scattering and absorption of NIR l ight are p resented. The absorption 
spectra of these chromophores are shown. Finally, the paper concludes with the author’s perspective on two 
NIRS-based medical imaging modalities, diffuse optical tomography, and functional near-infrared spectroscopy.
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1. INTRODUCTION

Understanding the optical properties and physiology of the tissue is essential to interpret near-infrared spec-
troscopy (NIRS)-based optical measurements for medical imaging such as diffuse optical tomography (DOT) for 
breast imaging and functional near-infrared spectroscopy (fNIRS) for brain imaging. A traditional way of mod-
eling the propagation of electromagnetic waves in a medium is by using Maxwell’s equation. Due to the strong 
scattering of light in the near-infrared (NIR) region, a detailed description is not necessary since wave properties 
such as polarization and interference can be ignored once the light traverses a few millimeters of tissue. There is 
a possibility that light-tissue interactions can alter the structure of the tissue or even destroy it. Phototherapy 
and laser surgery are examples of medical procedures in which interaction mechanisms like these are used.1 The 
origin of optical spectroscopic parameter distributions and the interaction of light with optical parameters in 
tissue media are characterized by photon transport. Optical parameter distribution-based imaging modalities2–10 

uses NIR light which propagates through the tissue volume and carries with it quantitative information4, 11, 12 

about physiological changes that occur in living biological tissues.

Optical medical imaging has low-intensity levels, a few mW/mm2, which prevent any tissue destructive pro-
cesses from occurring. Fluorescence, phosphorescence, and Raman scattering do not have a significant effect on 
NIR light propagation due to inelastic scattering. Absorption and scattering are the two optical phenomena that 
mostly determine how photons behave and travel through tissues.13 Despite the importance of both mechanisms, 
scattering dominates in the tissue.14 It is likely that injected photons scatter at least several times before reaching 
a boundary in tissue objects, even for a thin sub-millimeter section of a tissue sample. Generally, the way light 
is transported inside a tissue is characterized by a combination of two optical parameters called the absorption 
coefficient (µ a) an d sc attering co efficient (µs)  alon g with  a fa ct or refe rred to a s s cat tering anis otropy (g).  A 
photon’s probability of being absorbed in an infinitesimal path length is given by the absorption coefficient, µa in 
mm−1. A scattering coefficient, µs  in  mm−1, indicates the probability of  a photon scattering in  an  infinitesimal 
path length. The cosine of the scattering phase function is the anisotropic factor (g).
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Figure 1. Absorption spectra of major chromophores.

2. OPTICAL PROPERTIES OF TISSUE

2.1 Absorption

Chromophores are special groups of molecules that contribute to light absorption in tissues. Water, hemoglobin,
and lipids are the most dominant and well-known chromophores in tissue. The human body consists of approx-
imately 75 % water.15 As with water, lipids have similar properties in terms of absorption. Depending on the
location within the body, lipids make up 1% to 80 % of tissue.15 Due to the fact that they are typically present
at lower relative concentrations, lipids do not generally contribute significantly to the attenuation of total light.
Adipose (fat) tissue, such as that in the breast, is primarily composed of lipids, so this rule does not apply.
Located over the pectoral muscles of the chest wall, the breast consists of glandular, fat, and fibrous tissue.
Fibrous strands known as Cooper’s ligaments secure it to the chest wall.16 The breast glands are surrounded
by fatty tissue, which extends throughout the breast. Breasts have a soft consistency due to fatty tissue. It is
possible for hemoglobin concentrations to vary significantly at local levels in the tissue. Since deoxygenated (Hb)
and oxygenated (HbO2) hemoglobin have distinctly different NIR absorption spectrums, their absorption prop-
erties are dependent on the oxygenation state.17–20 Functional NIR imaging of tissue relies on these properties.
Background absorbers consist of substances with several weak absorbers.

Depending on the type of host molecule, pH level, and temperature, chromophores can have different absorp-
tion properties, which can also be affected by environmental factors. The specific extinction coefficient can be
used to characterize the absorption properties of a chromophore ε

′
(mm−1mM−1). The product Csε

′
, where Cs

being the concentration of the absorbing compound (mM = mil) is the probability of a photon that is absorbed
within a unit length in the medium and is given in mm−1. The Beer-Lambert law gives the intensity of light (I)
as a function of path length (x) for a single absorbing compound without scattering, as follows,

I(x) = I0e
(−µax) (1)

where Io is the intensity of the incident light.

There can be variations in absorber concentrations both spatially and temporally, and extinction coefficients
are usually wavelength-dependent. In order to express the absorption coefficient, we use the cross-sectional area
per volume of the medium, since several chromophores contribute to the total absorption,

µa(x, t, λ) = ln(10)
∑
i

Ci
s(x, t)ε

′

i(λ) (2)
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The specific extinction coefficient is defined by using base 10 logarithms. µa using the natural logarithm.
Water molecules, oxygenated and deoxygenated hemoglobin are the major light-absorbing tissue chromophores
and their contributions to overall absorption in the NIR window, in the wavelength range 600 - 890 nm, are
significantly different. When we examine the water absorption spectra of the major tissue chromophores (Figure
1), we find that the absorption is quite low in the NIR region of the spectrum. Also, the oxygenated and
deoxygenated hemoglobin crossover at a certain point as seen in the (Figure 1).

2.2 Scattering

In the NIR region, elastic scattering is the nature of the interaction between tissue and light. This is because
the energy of a photon remains constant but the direction in which it is scattered varies. Light propagation in
tissues can be modeled using scattering theories.6,21–23 Cells and cellular organelles are scattering centers in
biological tissues. An imaging window uses a wavelength-equivalent spectral window for cellular organelles. The
cytosol and extracellular fluid’s index of refraction are comparable. Therefore, tissue scatters light mainly in a
forward direction and shows weak wavelength dependence.

The reduced scattering coefficient describes the scattering properties of strongly scattering media (µ
′

s), usually
expressed in mm−1, it describes the probability that a photon is scattered per unit length. It typically takes a
photon a few millimeters or less to lose the memory of its initial direction of propagation in tissues. A single
scattering event can be described by an exponential attenuation law similar to Equation 1. In larger volumes
of tissue, multiple-scattering effects must be considered, requiring more complex modeling.21,22 Scattering due
to a single particle is expressed by a scattering cross-section σs (mm2) where the scattering cross-section is
a hypothetical surface that explains the likelihood of light being scattered by a scattering particle. The total
scattering coefficient µs of a tissue medium made of different scatterers is given by,

µs =
∑
i

σi
s

Pi

V
(3)

where Pi is the number of scatterers in a volume V .

Scattering in tissue is usually anisotropic and occurs due to a change in refractive index (n) between the
two boundaries. In tissues, such boundaries exist, for instance, between intracellular and extracellular fluids and
between the cytoplasm and organelle fluids. Generally, most tissues have refractive indices of around 1.4, which
is fairly small on a macroscopic scale.

.24 Significant differences can be observed at the air-skin interface. It is possible that some tissues have
a preferential direction for light propagation due to their macroscopic structure. For example, the structural
anisotropy of muscle fibers causes light to propagate along them.25 The anisotropy factor (g) is usually measured

by using the statistical mean of the cosine of the angle between the incident (ês) and scattering direction (ê′
s)which

is given by,

g = 2π

∫ 1

−1

cosθfês(ês, ê
′
s)dê

′
s (4)

Here, fês(ês, ê
′
s) is the probability function of a photon incident along ês, and is scattered along ê′

s. The
typical value of g in soft tissue is 0.9 which implies that scattering is essentially in the forward direction. For
g = 0, the scattering is fully isotropic. As long as scattering is anisotropic, a reduced scattering coefficient can
be used to describe the effective scattering properties of a medium with respect to scattering and is defined as
µ

′

s = (1− g)µs.

Table 1 presents the absorption (µa in cm−1) and scattering (µ
′

s in cm−1) coefficient of various breast tissue
type at wavelength 700 nm.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 December 2022                   doi:10.20944/preprints202212.0187.v1

https://doi.org/10.20944/preprints202212.0187.v1


Table 1. The optical properties of breast tissue at wavelength 700 nm.

Tissue type µa(cm
−1) µ

′

s(cm
−1)

Breast, glandular 0.5 14
Breast, adipose 0.7 9
Breast, fibrocystic 0.2 13
Breast, fibrodema 0.5 7
Breast, ductal carcinoma 0.5 12

3. OPTICAL PROPERTIES OF VARIOUS CHROMOPHORES

There are three main constituents of biological tissue that contribute to the absorption of radiation in the near-
infrared region: water, lipids, and hemoglobin. In contrast to the former two, oxygenated and deoxygenated
hemoglobin concentrations vary with the function and metabolism of the tissue over short time scales. Thus,
clinically useful physiological information can be derived from changes in absorption. A variety of tissue types
are described here as well as the absorption properties of their constituents.

3.1 Water

The researchers found that the percentage of water in the breasts under magnetic resonance imaging (MRI)
assessment indicates that there is a strong correlation between The researchers found that the percentage of water
in the breasts under magnetic resonance imaging (MRI) assessment indicates that there is a strong correlation
between the percentage of water in the breast and the mammographic density, which is found to be significantly
lower in older women than in younger women.26 There is a variation in the amount of water in a woman’s breasts,
from 11% to 74%. Aging is associated with a decrease in water percentage.26 A considerable amount of NIR
light is absorbed by water due to its abundance. The absorption spectrum of water in the wavelength range of
600 - 1050 nm is presented in Fig. 2. Light can significantly transmit through the tissue from the wavelength of
200 nm to about 935 nm. The absorption drops again beyond 1000 nm, however, there are currently no efficient
light detectors available at such longer wavelengths. Despite the low absorption coefficient of water between 200
and 935 nm, due to its high concentration in biological tissue, it still contributes significantly to attenuation.

Figure 2. The absorption spectrum of pure water.

3.2 Lipids

Lipid or fat makes up about 80% of the women’s breast weight.17 Underneath the skin, the female breast
comprises 50% glandular tissue and 50% adipose tissue by weight.27 Cerussi et al.28 reported the breast consisted
of lipid fraction, 26% - 90%. Figure 3 represents the absorption spectrum of pork fat,29 which is considered to
be very similar to that of human lipids. At shorter wavelengths, the absorption coefficient is similar to that of
water [Fig. 2], and a strong peak at a wavelength of about 930 nm. However, due to the low absorption of lipids
in the NIR region, overall absorption is not significantly affected.
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Figure 3. The absorption spectrum of pure fat.

3.3 Hemoglobin

Approximately 97% of the oxygen in the blood is carried by hemoglobin molecules in red blood cells (erythro-
cytes), while the remaining 3% is dissolved in plasma.17,28,30 In the oxygenated state, hemoglobin is referred
to as oxyhemoglobin (HbO2), and in the reduced state, it is called de-oxyhemoglobin (Hb). Figure 4 shows the
oxygen-hemoglobin dissociation curve,31 which relates the percentage oxygen saturation of hemoglobin (SO2) to
the partial pressure of oxygen dissolved in the blood (PO2).28,30 The absorption coefficient spectra of pure oxy
and deoxyhemoglobin are shown in Fig. 5. Absorption spectra of tissue with a composition similar to human
postmenopausal breast17 is shown in Fig. 6.

Figure 4. Oxygen-hemoglobin dissociation curve. Blood flowing out of the lungs has an oxygen saturation of about 97%,
while venous blood is still about 67%. Hence during one cycle through the body, 30% hemoglobin-bound oxygen is released
from the tissues.

Reconstructed optical properties are the spectroscopic variations in absorption and scattering coefficients.32

A variety of metabolic or disease states of tissues can be diagnosed by reconstructing variations in optical
properties, specifically, absorption coefficients.33 This can be done by converting spectral variations in the
absorption coefficient into useful functional data, such as total hemoglobin content and oxygen partial pressure.
A malignant tumor’s onset can be explained based on this information.34

Other tissue chromophores include melanin, cytochrome oxidase, myoglobin, and others. As they contribute
little to the overall attenuation in the NIR region (but not in the visible region), they can be largely neglected.
As shown in Fig. 6, breast tissue contains several different chromophores that absorb light;17 the approximate
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Figure 5. Absorption spectra of pure oxy and deoxyhemoglobin.

volume fraction, 15 µM oxyhemoglobin, 10 µM deoxyhemoglobin, water (15%), and fat (80%),17 where µM is
micro mole.

Figure 6. Absorption spectra of postmenopausal breast tissue with composition: 15 µM HbO2, 10 µM Hb, fat (80%
volume fraction), and water (15% volume fraction).

4. NIRS-BASED MEDICAL IMAGING

Diffuse optical tomography (DOT) is a medical imaging modality that uses the NIRS method to image internal
structural maps and functional information of tissue.35,36 The DOT system uses a model-based image recon-
struction method to reconstruct the image and is also capable of measuring important chromophores as explained
in Section 3, such as hemoglobin, water, and lipid inside the tissue. The Near-Infrared (NIR) method probes
the optical properties of imaging tissues by transmitting or reflecting the NIR light from deep tissue. There
are various multiplexing techniques that are used for high-speed switching of the light sources and detector,37

as well as for data acquisition and calibration of hardware in order to correct errors that may have occurred
during imaging.38 Optical tomographic images can be reconstructed from measurement data. Inverse problems
involve retrieving the spatial distribution of tissue optical properties from measured data at the tissue boundary.
Due to the wavelength-dependent absorption of light by tissue constituents, DOT can provide functional images
of tissues by incorporating multiple wavelengths of light sources in the non-ionizing NIR spectrum (600-1000
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nm).4 The inverse problem is nonlinear, ill-posed, and sometimes underdetermined, and solving it requires a
high computational power.35 High-speed algorithms for 3D DOT image reconstruction have, however, been
developed.39 For faster image reconstruction, GPUs were used and multiple GPUs together were also used.40

Real-time DOT imaging was demonstrated.41 There was a method presented for scanning a specific area of
tissue at high-speed.42 Researchers are trying to reduce the cost of DOT instruments by using LEDs and pho-
todetectors.43 Additionally, DOT has been shown to be useful as a point-of-care imaging system.44,45 In some
cases, the systems are developed with an educational purpose in mind.46 There is a tendency to add noise from
the superficial layers of the tissues to the signal from the deep layers of the tissues while collecting data. There
was a demonstration of a superficial noise reduction technique for DOT based on an empirical method.47

Functional near-infrared spectroscopy (fNIRS) is another simplified imaging method based on NIRS that
makes use of channel-wise measurements rather than full image reconstruction. fNIRS is mostly used for brain
imaging. Brain imaging with fNIRS includes measurement of brain functions, for example, cognitive workload.48

It is possible to build an fNIRS system with limited hardware. There was also a demonstration of an fNIRS patch
for brain imaging.49,50 Optodes in the fNIRS systems are light sources and detectors, and the quality of the signal
depends on their design.51 Researchers are also studying portable fNIRS systems.44,52 Various technologies were
incorporated in the development of next-generation fNIRS systems, like internet-of-things architectures.53,53,54

Additionally, fNIRS can be used for real-time classification of brain activity using machine learning.55,56 There
is still much research to be done in this field and the potential for fNIRS for brain imaging is still in its infancy.
Research in this field is growing and has significant potential for the future.
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