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Abstract  
 

    Functional near-infrared spectroscopy (fNIRS) is a non-invasive technique for monitoring of 

brain functional activity. It uses near-infrared (NIR) light to get the information related to brain 

hemodynamic response as most of the tissues in the brain are transparent to NIR light.  

    The main goal of this study was to design, implement and evaluate a continuous-wave near-

infrared spectroscopy (CW-NIRS) system for human’s brain cognitive functions. This system is 

portable, and works with a small rechargeable battery; thus, it may be used for bedside 

monitoring. In our CW-NIRS system, we used 3 multi-wavelength LEDs and 8 photodiodes (with 

built-in amplifiers) resulting in 12 channels (voxels). The collected signals of these 12 channels, 

at a sampling rate of 15 Hz, can be used for 2D image reconstruction to monitor functional 

brain activity. All LEDs and photodiodes are placed on a flexible printed circuit board (PCB), 

which covers the forehead to measure hemodynamic response of the prefrontal cortex. We 

also developed a software in MATLAB for analysis of optical signals recorded by our CW-NIRS 

system. This software provides 2D image reconstruction and monitoring of changes in 

concentration of oxygenated ([HbO2]) and deoxygenated ([HbR]) hemoglobin as well as the 

total hemoglobin ([HbT]) for the 12 channels over the prefrontal cortex (forehead). The 

software has also an embedded statistical analysis option for analyzing the collected signals and 

displaying the results.     



xiii 
 

   The developed CW-NIRS system was evaluated on 14 individuals (24±3 years old) on two 

common cognitive tasks: verbal fluency task (VFT) and color distinction task (CDT). In both tests, 

we observed that as the cognitive task begins [HbO2] and [HbT] increase and [HbR] decreases, 

after a few seconds delay. Furthermore, at the end of the tasks as subjects close their eyes in 

the second rest state, all three hemodynamic signals converge toward baseline ([HbO2] and 

[HbT] decrease and [HbR] increases). Also, the difference between hemodynamic signals at the 

rest state and task state was highly significant (p < 9.95e-11) in all 12 channels and in both 

cognitive tasks. The results confirm the ability of the designed CW-NIRS system to detect 

functional brain activities.     
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Chapter 1 

 

Introduction 

 

 

   Functional near-infrared spectroscopy (fNIRS) is an optical technique for non-invasive 

monitoring of functional brain activity. fNIRS uses near-infrared light, which can penetrate scalp 

and skull and other brain tissues and get to gray matter, in order to get the information about 

brain activation. Two of the main benefits of using fNIRS for brain activity monitoring are that it 

can be portable and that it has relatively high temporal resolution. However, it has some 

disadvantages too. In this chapter first we discuss the benefits and problems with fNIRS 

technique. Then, the outline of this thesis will be presented.   

     

1.1 Advantages and drawbacks of Near-Infrared Spectroscopy 
 

    Functional magnetic resonance imaging (fMRI) is a neuroimaging technique for measuring 

functional brain activity by detecting associated changes in blood flow. fMRI has many 
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advantages but still has some drawbacks [1]: 1) the used magnetic fields are strong and their 

biological effects are not fully understood; thus, it limits the possible target populations, 2) 

fMRI imaging is very expensive, the machine has a large size, and its technical complexity is 

high, 3) the machine is not portable, and 4) the recording has a high acoustic noise. Because of 

these limitations fMRI may not be used for certain subjects, such as very young children, 

patients with anxiety or attention deficit disorders. In addition, as fMRI uses an electromagnetic 

field, it is not safe for people with any implanted metallic object [1].  It is desirable to have a 

non-invasive bedside brain function monitoring that can also be used outside of a clinical 

environment, such as home for Brain-Computer Interfacing applications [2, 3]. fNIRS can be 

used to bring some of these limitations under control.       

    Instead of strong magnetic fields, fNIRS uses light in near-infrared spectrum that has several 

advantages [1]: 1) fNIRS is totally safe and non-invasive and it could be used for any individual 

at any age; 2) it does not need the  fixation head during measurements because the sensors are 

placed over the head; 3) fNIRS is not expensive; 4) A fNIRS system can be miniaturized, be 

portable and battery-operated; 5) there is no acoustical noise during recordings.    

    For all its advantages, which make fNIRS a good choice for neuroimaging, there are still some 

drawbacks limiting the extent of its applications [1]; they are: 1) due to attenuation of light 

passing through tissues, the penetration depth is limited; thus, a fNIRS system provides only the 

information of the most superficial brain regions (cortical activation); 2) fNIRS suffers from 

physiological interference originating from extra-cerebral regions such as 
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Electroencephalographic (EEG) waves; and 3) the resolution of fNIRS is low (1-3 cm) compared 

to other high resolution imaging systems such as fMRI (3-6 mm).      

    fNIRS uses NIR light (emitted by either LED or laser diode) since most brain tissues are 

transparent to NIR light. The brain tissue is optically turbid and when light passes through the 

tissue it will be absorbed and scattered in different directions. The radiation transport equation 

(RTE) or Boltzmann equation could be used to describe light propagation [4]. In order to solve 

the RTE we need to know about the fundamental optical properties of tissues including the 

absorption coefficient, the scattering coefficient, and the scattering anisotropy. Monte Carlo 

(MC) modeling [4] is a numerical technique to solve the RTE which records the history of 

individual photons, and it uses proper probability distributions to sample the distance between 

interactions and the scattering angle. The MC simulations are capable of modeling light 

propagation under realistic conditions, such as variety of light sources, multiple tissue types, 

and complex geometries. However, the simulations are very time consuming, and they are not 

computationally efficient because millions of photon trajectories are required in order to obtain 

an adequate signal-to-noise ratio (SNR) [4].   

 

1.2 Outline of the Thesis 

    Chapter 1, describes an introduction to the fNIRS system, its advantages and drawbacks, and 

outlines the structure of the thesis.  
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    Principles of an fNIRS system are introduced in chapter 2, where we discuss transmission of 

near-infrared light into the brain based on human brain anatomy, physiological processes 

associated with brain neural activity, blood circulation in human body, hemoglobin and the red 

blood cell, and cerebral oxygenation and hemodynamics. Then, we present optical properties of 

the brain tissue including its absorbing compounds and light scattering, the Beer-Lambert Law 

and its modified version, instrumentation for optical brain imaging, multi-distance (MD) 

measurements, and history of diffuse optical spectroscopy of human tissue. Also applications of 

cerebral oxygenation monitoring and functional optical imaging is reviewed.  

    In chapter 3 we present a literature review of fNIRS system and its applications including 

concurrent fNIRS and fMRI studies, fNIRS studies on motor task, verbal fluency task in fNIRS 

studies, studies on short separation fNIRS measurements, dependency of DPF on different 

factors, wavelength selection for fNIRS, and common signal processing methods used in fNIRS.    

    Instrumentation of our portable CW-NIRS  system is presented in chapter 4, where we 

introduce photodetectors and near infrared light sources (i.e., the LEDs) used in our CW-NIRS  

system. Then, we describe designing a constant current source and switching between LEDs, 

configuration of optodes, switching scheme for photodetectors, amplification of optical signals, 

and USB connection to record hemodynamic signals on a computer.  

    Chapter 5 introduces the software that was developed for analysis of fNIRS signals. In this 

chapter we explain imaging methods, monitoring of changes in concentration of oxygenated, 



Chapter 1 - Introduction 

5 
 

de-oxygenated and total hemoglobin, bandpass filtering of fNIRS signals, software settings, and 

statistical analysis of hemodynamic signals.  

    In Chapter 6 we present the two common and standard cognitive tasks that we used to 

evaluate our CW-NIRS system. These tests include verbal fluency task (VFT) and color 

distinction task (CDT). The results and capability of our CW-NIRS system for monitoring of 

functional brain activity is discussed in this chapter.        

    Finally, in Chapter 7 a summary of the work along with future work recommendations are 

presented.  
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Chapter 2: Background 

 

Principles of Near-Infrared Spectroscopy 

 

 

    In this chapter we discuss the basics of near-infrared spectroscopy (NIRS) technology. First, 

we explain transmission of near-infrared light into the brain followed by optical properties of 

brain tissue, and Beer-Lambert law for calculations of hemodynamic signals. Then, different 

types of NIRS systems and history of human brain optical imaging are reviewed in sections 2.5 

and 2.6, respectively. Finally, applications of brain optical imaging and cerebral oxygenation 

monitoring are discussed in section 2.7.     

   

2.1 Transmission of near-infrared light into the brain 

     When near-infrared light is emitted into the brain, as a result of scattering and absorption by 

the tissue, only a small fraction of photons reach the detector. The path that these photons 
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travel to get to the detector is banana-shaped, in which concentration changes of hemoglobin 

are measured (Fig. 2.1) [4].    

 

 

Figure 2.1. Propagation of photons (white dots) from source to detector with a banana-shaped 

probability (light blue) in brain. Image taken from J. Mehnert [1] (Reprinted by permission from J. 

Mehnert).  

 

    As it could be seen in Fig. 2.1, all photons have to cross the scalp twice in order to be 

measured by the photodetectors: once at the output of light emitters and once again before 

entering the photodetector [1]. The heartbeat or breathing can also cause global concentration 

changes of hemoglobin that will result in an interference to NIRS measurements. Among 

physiological interferences effective in NIRS such as heartbeat, changes in blood pressure, 

partial pressure of CO2, and respiration, heartbeat has the highest frequency (~1.2 Hz). That 
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can be easily eliminated by a sampling frequency of a NIRS system higher than 2.4 Hz. The 

sampling frequency of current NIRS instruments is in the range of 2-250 Hz.   

  

2.2 Basic anatomy of the human brain 
 

    The cerebral hemispheres, the diencephalons, the brain stem, and the cerebellum are four 

main regions of the brain [5]. An outer layer of grey matter covers the cerebral hemispheres, 

which is called the cerebral cortex and its thickness is approximately 5mm in adults. The highly 

convoluted surface of the cerebral hemispheres is formed of two types of ridges, sulci and 

fissures (which are deeper and separate the hemispheres into lobes) [6].   

    The scalp, skull, various membranes (meninges) and the cerebrospinal fluid are the brain 

protective layers [7]. The surface of the cortex is covered by pia matter, which is enclosed by 

the arachnoid mater and dura mater. There is a space between pia and arachnoid matter, 

called subarachnoid space, which contains the blood vessels serving the brain and it is filled 

with the cerebral fluid [7].   

 

2.2.1 Blood circulation in human body 
  

    Two major parts of the cardiovascular system are the systemic circuit and the pulmonary 

circuit, which consists of arteries and veins [6]. Oxygenated blood travels through the major 

arteries and then arterioles to capillaries to transport oxygen and nutrients to all organs and 

tissues. Then deoxygenated blood travels through the venules and veins to return to the right 
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atrium of the heart [6]. The blood flowing through lung capillaries receives oxygen from the 

alveolar air in exchange of carbon dioxide. Depending on the amount of oxygen consumed by 

peripheral tissues during metabolism, the amount of oxygen will be absorbed across the lung 

[6].     

 

    2.2.1.1 Cerebral Circulation 

 

    The brain weight is only about 2-3% of total body weight but 15% of cardiac output is 

received by the brain; it also utilizes higher amount of oxygen and glucose than other organs 

[6]. Cerebral blood volume needs to be firmly controlled because the brain is contained within 

the rigid skull and intracranial pressure should not be increased. Two carotid and two vertebral 

arteries supply arterial blood to the brain and carotid arteries are more important since they 

provide about 80% of the total perfusion [6]. Each common carotid artery divides into an 

external carotid artery which supplies blood to the neck, esophagus, pharynx, larynx, lower jaw 

and face; and an internal carotid artery which delivers blood to the brain [6]. The venous blood 

is returned from the brain through the superficial cerebral veins, deep cerebral veins and 

cerebral venous sinuses which jointly drain to the internal jugular vein [7].    

 

2.2.2 Physiological processes associated with brain neural activity  

  

    It has been reported that there is a connection between neuronal activity and changes in the 

vascular system, which is called neurovascular coupling [8]. Local blood flow changes are used 
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in fMRI and fNIRS to measure neuronal activity indirectly. Figure 2.2 illustrates how a near-

infrared imaging system works. When there is a stimulus (e.g. finger tapping) there would be 

neuronal activity in related areas of the brain (motor cortex), leading to changes in local 

cerebral blood flow and volume [8]. This results in changes in concentration of the blood-borne 

cells and molecules in the capillaries surrounding the neurons as well as oxygenation level of 

blood (hemodynamic response), which could be detected by fNIRS [8].   

    There are two types of physiological events related to brain activity: intracellular events that 

occur at cell membranes, and intravascular events that occur within the vascular space and 

mediated by neurovascular coupling [9].     

 

Figure 2.2. Neuronal activity leads to changes in blood flow and volume and also oxygenation level. 

Image taken from O. J. Arthurs and S. Boniface [8] (Reprinted by permission from Elsevier).  

 

    2.2.2.1 Cellular physiological events 

    When there is a neuronal activity, ions (mainly Na+, K+, Cl– and Ca2+) and water cross the 

neuron's membrane resulting in a change in membrane electrical potential [10]. There is a 
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correlation between increased brain activity and oxygen and also glucose consumption. The 

brain has only a small amount of stored glucose; it has to be circulated through an active 

transport mechanism. At the beginning of an increased brain activity, glucose consumption 

increases which results in a transient drop in concentration of the intracellular glucose and rise 

in local lactate concentration [11]. Then, it has been proposed that neurons oxidize lactate in a 

recoupling phase [12].   

 

 2.2.2.2 Intravascular events: Relationship between Blood Oxygenation, Blood Flow, and Blood Volume 

 

    A local brain activity causes vasodilation of local arterioles. Most of the resistance and 

therefore blood flow at a local level are controlled by small arteries and arterioles, even though 

they contain less than 5% of the blood volume in the brain parenchyma [11]. When local 

arterioles dilate, the local cerebral blood volume (CBV) and also the cerebral blood flow (CBF) 

increase. This relationship between neuronal activity and vascular response is called 

“neurovascular coupling” [11]. In a local brain activity CBF and oxygen delivery increase more 

than local oxygen consumption; this results in local rise of cerebral blood oxygenation. 

Therefore, it could be said that changes in [HbR] are related to the match between oxygen 

supply and oxygen demand, whereas changes in [HbO2] are related to the alterations in CBF 

(rapid increase in cerebral oxygenation as a result of brain activation) [11].  

     In summary, it has been suggested that due to neurovascular coupling more glucose is 

delivered in order to fuel glycolysis and remove the produced lactate [11]. At the initial phase of 
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neurovascular response, lactate increases; then, the increased blood flow washes it out. Also, 

the concentration of oxygenated hemoglobin may initially decrease but during continued 

activation it will increase and cause an overshoot due to the rise in blood flow and minor 

increase in oxidative metabolism [11].   

 

2.2.3 Hemoglobin and the red blood cell 

    Naturally existing chromophores, such as hemoglobin being the most important one, cause 

changes in optical attenuation that could be detected by non-invasive optical monitoring 

systems [13]. Hemoglobin is a protein, which contains iron, and its molecular weight is 64450 

g/mol. It consists of 4 subunits made up of 4 possible protein chains, α, β, δ, and 𝛾 [14]. It has 

been found that 97% of hemoglobin in adults is in the HbA form (αβ chains) with approximately 

2.5% in the HbA2 form (chains) and less than 1% in the fetal HbF form (chains) [13, 14]. 

The main function of hemoglobin is to carry oxygen from the lungs to the tissues but also as an 

important function, it transports carbon dioxide back to the lungs. For hemoglobin, in its active 

ferrous (Fe2+) form, it is possible that each of its 4 subunits physically (not chemically) bind to 

an oxygen molecule, so it becomes oxygenated [14]. Thus, to produce oxygenated hemoglobin 

(HbO2), 1 mole of deoxygenated hemoglobin (HbR) binds with 4 moles of oxygen, and this 

binding is governed by a number of factors. The hemoglobin saturation (SaO2) is defined as  

𝑆𝑎𝑂2 =
𝐻𝑏𝑂2

𝐻𝑏𝑂2 + 𝐻𝑏𝑅
× 100  ,      [𝑢𝑛𝑖𝑡𝑠: %]            (2.1) 

which is the percentage of the total oxygenated hemoglobin [14].   
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    Oxygenated and deoxygenated hemoglobin are the dominant mixture but there are also 

several other naturally occurring forms of hemoglobin in the blood stream. Carboxyhemoglobin 

(HbCO), hemiglobin (Hi) and sulfhemoglobin (SHb) are the most important mixtures but their 

concentrations are only up to a few percent [13, 14]. Hemoglobin can combine with many other 

groups such as F−, NO2−, N3−, CN−, but these compounds can be ignored in vivo, since they 

rarely occur in the blood stream. Hemoglobin, except in certain pathological conditions, is 

carried exclusively within the red blood cells of the blood stream [13, 14]. The cell membrane of 

red blood cells is a lipid bilayer, which is made up of 50% protein, 40% lipids and 10% 

carbohydrates [15]. There is no nucleus, or mitochondria in red blood cells and they make the 

required energy for active ion pumps, membrane repair etc. by anaerobic glycolysis. A red 

blood cell has the average useful lifetime of 120 days [15].     

 

2.2.4 Cerebral oxygenation and hemodynamics 

    Since only a negligible amount of tissues’ oxygen is carried by blood plasma, the oxygen 

concentration available to the tissue is determined by SaO2 (the arterial hemoglobin saturation 

(units: %)) [13]. The partial pressure difference between the blood in the capillary and the cell 

cytosol drives the oxygen delivery to the tissues by diffusion. In order to maintain plasma pO2 

(oxygen partial pressure) as oxygen is extracted by the tissue, hemoglobin acts as a local buffer 

[13].      

    In normal human adults, grey matter has significantly greater CBF, CBV and cerebral oxygen 

extraction compared to white matter. The CBF and CBV of grey matter are approximately 2.5 
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times more than those of white matter, but they have approximately the same oxygen 

extraction ratios (OER, the ratio of oxygen consumed to oxygen delivered), which are 0.37 and 

0.41 for grey and white matters, respectively [16]. CBF depends upon the perfusion pressure 

(arterial minus venous blood pressure) and vascular resistance, while the cardiac output and 

systemic blood pressure have little effect on it. This auto-regulation process works over a large 

range of mean systemic pressures (60-160 mmHg) but it breaks down at very low or very high 

values [16].       

    The cerebral arteriolar response to carbon dioxide, pH, and oxygen is the most potent of 

other factors, which can affect CBF [13, 17]. An increase in partial pressure of carbon dioxide 

results in a dilation of the arterioles and vice-versa. Oxygen has a less dramatic effect. Very low 

partial pressure of oxygen (paO2) increases CBF up to 500% but if fluctuation of paO2 is in the 

range of 6-13 kPa, it causes some insignificant variation in CBF [17]. Another factor which 

influences cerebral blood flow is blood viscosity, and it is related to hematocrit. Hematocrit is 

the volume percentage of red blood cells in blood. For an optimal delivering of oxygen, 

hematocrit should be in the range of 30% to 40% [13, 17]. If hematocrit value is low, oxygen 

delivery decreases as a result of hemoglobin loss. Contrarily, at higher hematocrits blood 

viscosity increases, and blood flow decreases. Normally the blood flow in vivo is laminar, which 

means the concentration of red blood cells is higher in the center of the vessels. This increases 

the effect of plasma skimming, where the hematocrit in larger vessels is higher than that in side 

branches and the whole capillary bed [13, 17].    
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2.3 Optical properties of brain tissue  

    As photons traverse through the tissue, one of the followings events occur [4]: 1) being 

absorbed, 2) transmitted through, and 3) being scattered to a random direction (Fig. 2.3). If 

photons are scattered, all of the three mentioned events could occur again. This happens due 

to the high scattering properties of tissues in the head, which make it possible for emitted 

photons to be scattered back to the surface of the head and be detected by photodetectors [4].  

 

Figure 2.3. Photon interaction with tissue. Image taken from S.J. Madsen [4] (Reprinted by permission 

from Springer).  

   

    The absorption coefficient and the scattering coefficient are two fundamental optical 

properties of brain tissue. The former provides information about the concentration of 

composing chromophores (e.g., oxyhemoglobin and deoxyhemoglobin), and the latter provides 

the form, size, and concentration of the scattering components [4].  
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    The optimal wavelength range for optical imaging is 700 to 900 nm. In this range the light 

absorption is dominated by hemoglobin, and also the absorption by water is low enough that 

light can penetrate deep into the brain to be affected by the brain functional activity [4, 18]. For 

wavelengths smaller than 700 nm, light will be absorbed by hemoglobin, while for wavelengths 

larger than 900 nm, light will be absorbed by water so it will not be able to pass through tissue 

with an adequate penetration depth. The wavelength, at which oxygenated and deoxygenated 

hemoglobin have the same absorption, is called the isobestic point and is 808 nm. Below the 

isobestic point deoxygenated hemoglobin dominates light absorption, while above this point 

oxygenated hemoglobin dominates [4].            

    Two primary forms of scattering in biological tissue are Mie and Rayleigh scatterings. As 

wavelength increases, scattering coefficients decrease and anisotropy factors increase because 

the effect of Rayleigh scattering decreases and Mie scattering will be more effective. Therefore, 

the penetration depth in brain tissues increases [4]. Human’s white and grey matter have 

significantly different optical properties because white matter has high density of myelinated 

axons, and, hence, its absorption and scattering are significantly higher than those of gray 

matter [4]. On the other hand, it has been shown that white matter and tumor tissue have the 

same absorption spectra, which might be due to loss of blood from the excised specimens in 

brain tumors. However, compared to a normal brain, brain tumors have significantly lower 

scattering; this is expected because of structural differences between the normal and tumor 

tissues [4].        



Chapter 2 – Background (Principles of Near-Infrared Spectroscopy) 

17 
 

    In near-infrared spectroscopy, the light source and detector are both placed on the surface of 

head; they have limited penetration depth and receive information only from the superficial 

structures of the brain. The penetration depth can be controlled to some extent by changing 

the distance between the source and detector such that for greater source-detector distances 

the penetration of photon is more. However, as the distance increases the intensity of detected 

light decreases rapidly; thus, there is a tradeoff between the penetration depth and intensity 

[4]. Hence, the near-infrared light is designed to penetrate up to 0.5 cm in the brain, which is 

deep enough for most fNIRS studies but it does not provide the information on deep structures 

of brain. When light is emitted from the source on the head, it has to pass through scalp, skull, 

dura, and CSF before it reaches brain. Also, the scalp is composed of skin, fat, and muscle that 

each of them have different optical effects. The scalp and skull in human adults are 5–7 mm 

and 7–8 mm thick, respectively; this imposes a challenge to use surface measurements to study 

brain function [4]. But it will be easier for the case of neonate brain since the combined 

thickness of the scalp and skull is less than 5 mm. Also, A. Abdo et al. used a GaAs PIN 

photodiode and an 830 nm laser source to measure the penetration depth of NIR light into the 

rat peripheral nerve and brain cortex [19]. They defined the penetration depth as the distance 

at which the total optical power reduces to 37% of the incident light. Based on their results, the 

penetration depth was 0.35 ± 0.023 mm in the rat sciatic nerve, 0.35 ± 0.026 mm in the white 

matter, and 0.41 ± 0.029 mm in the gray matter, which all are much smaller than those of the 

human. The penetration depth of NIR light into the human gray matter has been reported to be 
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1.6 mm at 850 nm [20]. These results imply that the peripheral and the brain cortex in rat 

attenuate the NIR light much more strongly than in human.         

    The scalp and skull have similar absorption and scattering properties; thus, they can be 

modeled as one layer. Below the skull, there are meninges that cover the brain; meninges are 

composed of three membranes including dura mater, arachnoid, and pia mater; and 

cerebrospinal fluid occupies subarachnoid space (between arachnoid and pia matter) [4]. These 

membranes scatter the light, and the blood vessels absorb the light. However, these structures 

do not have significant effect on penetration of light into the brain; thus, their effect can be 

ignored in fNIRS studies. Therefore, 2-layer (scalp/skull + brain) or 3-layer (scalp/skull + CSF + 

brain) diffusion models are usually used to measure optical properties of the brain [4].          

 

2.3.1 Absorbing compounds in brain tissue 

    We are interested in the chromophores present in brain tissue, which have reasonable 

concentrations and absorb in the near infrared region of the optical spectrum. Another 

important issue to consider is to differentiate between those chromophores, which exist in 

brain tissue at a fixed concentration, and those whose absorbance is oxygenation dependent 

[13]. The chromophores that have a fixed concentration, such as water, merely add to the 

overall attenuation of the brain tissue. The ones that change with tissue oxygenation, such as 

hemoglobin, provide useful information on changes in brain oxygenation [13].  
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2.3.1.1 Water 

 

    The fact that the average water content is 90% for a neonatal brain and 80% for an adult 

brain, implies that any absorption band of water will have a large optical effect [21, 22]. The 

extinction coefficient of water generally increases for larger wavelengths. Due to many 

confounding factors, it is not easy to set an exact wavelength beyond which light possibly could 

be transmitted through a few centimeters of tissue. If the attenuation caused by water is 

greater than 1 optical density per centimeter, it would be difficult to retrieve any useful 

information; thus, there is a long wavelength cutoff for transmission spectroscopy of tissue at 

1.35 m [23]. The extinction coefficient of water does not drop below 2 cm-1 for wavelengths 

longer than 1.35 m until the wavelengths are in the range of cm. The extinction coefficient of 

water is less than 0.001/cm, thus, it is negligible for wavelengths shorter than 600 nm, and 

down to the ultraviolet region. Water has a measurable absorption for wavelengths between 

600 nm to 1.35 m. Because of high losses, measurements across only a few centimeters of 

tissue would be possible for wavelengths between 900 nm and 1.35 m [23].   

     

2.3.1.2 Lipids 

    About 5% of the total wet weight of a newborn infant brain constitutes lipids. Also, 8% of the 

grey matter and 17% of the white matter of an adult brain constitute lipids. Lipid and water 

have almost the same values of extinction coefficient [22]. Since lipid is only present at 

approximately one tenth the proportion compared to that of water, it does not significantly add 
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to the overall extinction coefficient of brain tissue. Although, it is possible to detect its presence 

optically in the near infrared range [13, 22], most fNIRS systems do not consider lipids in their 

calculations.    

 

2.3.1.3 Hemoglobin 

 

    Oxygenated and deoxygenated hemoglobins are the two most important dynamic 

chromophores in NIRS, which are often denoted as “HbO” and “HbR” (standing for oxidized and 

reduced) or otherwise “HbO2” and “Hb” (standing for with and without the oxygen molecule, 

O2) [4]. In this thesis we refer to them as HbO2 and HbR. They provide functional contrast in 

the brain, which is often referred to as the BOLD (blood oxygen level dependent) effect [24].            

    In order to transmit light through tissue, the absorption spectra for hemoglobin must be 

known as that determines the shortest usable wavelength [13, 25]. In order to estimate the 

shortest wavelength beyond which light cannot penetrate through a tissue of a few cm at a 

hemoglobin concentration, we can consider 1.0 optical density per centimeter of tissue; that 

gives a short wavelength cutoff of approximately 600 nm. Having the water absorption data, 

the optical window for spectroscopic measurements across many centimeters of tissue is 

estimated to be 600 to 1350 nm [25].      

    There are other naturally occurring forms of hemoglobin in the blood stream, namely 

carboxyhemoglobin (HbCO), hemiglobin (Hi) (also called methemoglobin) and sulfhemoglobin 

(SHb) [13, 26]. Typical in vivo concentrations of HbCO and Hi are up to 10% and 2.5%, 
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respectively, of the total hemoglobin content, while SHb does not exist in normal blood. Some 

hereditary diseases, ingesting certain nitrogen containing compounds, and taking certain drugs 

such as the sulphonamides can cause abnormally high in vivo levels of Hi [26].    

    Since the specific extinction coefficient of HbCO in vivo is low, its near infrared optical effect 

is negligible. The effect of hemoglobin is much more important because of its significant NIR 

specific extinction coefficient [13]. The absorption spectrum of hemoglobin is a strong function 

of pH, and it has different spectra in its acid and alkaline forms. But physiological pH changes 

within a narrow range and an enzyme system in the red blood cell controls Hi concentration at 

low proportion of the total hemoglobin concentration; thus, it will not cause any problem for 

fNIRS calculations [13]. If the presence of Hi is ignored, only a small error occurs, which reaches 

approximately 1% of the total hemoglobin signal. It is more challenging to characterize SHb. Its 

spectra is published only up to 760 nm in the near infrared, where its extinction coefficient is 

large [13]; SHb effect is ignored in our NIRS calculations.   

  

2.3.1.4 Absorption by surface tissues 

    In a NIRS system, light must first pass through the soft tissue and skull before it reaches the 

brain. The first layer is stratum corneum (10 m thick), which its absorbing compounds have a 

negligible visible and NIR extinction coefficient. The epidermis is the next layer, which is 100 m 

thick and contains melanin [27]. The pigment melanin found in skin and hair highly absorbs light 

in the visible to ultra-violet region [4]. Both hair color and skin pigmentation are because of 

melanin. These colors are determined by the relative concentrations of two forms of melanin: 



Chapter 2 – Background (Principles of Near-Infrared Spectroscopy) 

22 
 

eumelanin (dark brown) and pheomelanin (red), which both have almost flat optical absorption 

spectra in the optical window range [4]. In general, concentrations of water, lipid, and melanin 

do not change considerably on the time scale of most optical imaging systems; thus, they are 

considered as static optical absorbers [4].    

    The optical effect of melanin on skin reflectance is significant. The reflectance of skin of 

people with dark skin in the 600-1000 nm region is approximately half of the reflectance of light 

skin [27]. Therefore, transmission through the skin may also be reduced by the same degree. 

However, due to attenuation of the light’s intensity by melanin, the required sensitivity of the 

instrument may need to be increased. Since the absorption of melanin is constant and it is not 

oxygenation dependent, it does not result in time dependent attenuation changes [13, 27]. 

However, individuals with darker skin color have more melanin in the skin causing more light 

absorption; thus, the SNR of measurements decreases. Therefore, the intensity of light should 

be increased (adjusted) for individuals with darker skin in order to have the same SNR as those 

with lighter skin color [28].              

    There is a small amount of muscle mass in the surface layers of the head that their thickness 

is location dependent. This muscle mass contains myoglobin, which its absorption spectrum in 

the near infrared region is indistinguishable from that of hemoglobin. Also, myoglobin is not as 

sensitive to tissue oxygenation because it has a very low pressure for oxygen (1 kPa), unless the 

oxygen delivery from hemoglobin is significantly reduced [29].   
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Figure 2.4. The absorption spectra for different chromophores in the near-infrared window. Image taken 

from S.J. Madsen [4] (Reprinted by permission from Springer).  

 

 

2.3.2 Light scattering in brain tissue 
 

    When light passes through the tissue, scattering would be the dominant mechanism such 

that even for a very thin tissue the emitted photons will be scattered in several directions 

before they reach the surface of tissue again [4]. Therefore, when a collimated laser beam is 

emitted inside the tissue, it will be effectively incoherent and isotropic as it passes through it. 
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But to calculate changes in concentrations of oxygenated and deoxygenated hemoglobin, the 

effect of scattering is negligible since it does not change over time [5, 13].         

    Light scattering results in deviation from the Beer-Lambert law, which is the most challenging 

problem in quantitative tissue spectroscopy [13]. Scattering increases the observed attenuation 

of light above the expected value due to the tissue absorption coefficient; the effect is non-

linear, and flattens the absorption peaks.  

Three factors that determine scattering characteristics of brain tissue include [13]: i) 

gestational age, i.e. brain development; ii) tissue oxygenation; and iii) wavelength of 

illuminated light. Age is a factor that highly affects scattering in brain tissue. The solid contents 

of a cell inclusion is directly related to its refracting power [13]. The total lipid and protein 

content of human brain increases from birth to adulthood by a factor of two, which significantly 

increases scattering. The lipid concentration in the white matter increases nearly 7 fold.  In 

newborn human infants, the protein content is larger than the lipid content. However, when 

myelination begins, the lipid concentration would have a higher rate of growth than protein 

[30].  

    At a cellular scale, there is a mismatch in refractive index causing light scattering in tissue, 

which is mostly because of refractive index variations between the cell membranes and 

organelles within each cell [5]. Red blood cells constitute only 2% of solid content and they have 

a low contribution to scattering [13]. The real (n) and imaginary parts (k) of the refractive index 

of a medium determine the magnitude of its scattering and absorption, respectively; they are 

wavelength dependent. There are integral equations in Kramers-Kronig analysis, which relate n 
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and k [31]. Since absorption coefficients of the NIR absorption bands are small, the real part of 

the refractive index (n) varies gently with wavelength as 1/(based on Cauchy’s equation) [32]. 

In tissue, scattering of light by particles is important, which is different from that of local 

density fluctuations that is based on the effect of an aggregation of molecules in a 

homogeneous medium. The particles in tissue are complex in shape, and they can be either 

homogeneous or heterogeneous [13].   

    Scattering causes diffusion, when light propagates in tissue, and it depends on the type and 

structure of the tissue. Rayleigh and Mie scattering models are the two fundamental forms of 

scattering in biological tissue; both of them are elastic, which means when light scatters, its 

wavelength does not change [4]. Figure 2.5 depicts the effects of Rayleigh scattering and Mie 

scattering at sunset. 

 

2.3.2.1 Mie theory for spherical particles 

    Gustav Mie in 1908 developed this theory, which is an exact solution in spherical coordinates 

of Maxwell’s equations for the interaction of plane electromagnetic waves and spherical 

particles. Mie theory is valid for spherical particles with small sizes (less than 1/4 wavelength) 

[13]. Mie scattering results from particles larger than the wavelength of light (𝑟 > 𝜆). Cells and 

other particles in biological tissue are bigger than wavelength of illuminated light and thus Mie 

scattering is predominant in NIRS [4].     
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2.3.2.2 Rayleigh theory for small particles 

   Rayleigh derived his theory for light scattering for the effects of the particle volume, the 

distance of the particle from the point of observation, the wavelength, the velocity of light, and 

the relative refractive index, intuitively [13]. Particles with sizes much smaller than wavelength 

of the emitted light (𝑟 ≪ 𝜆) result in Rayleigh scattering, and it is inversely (fourth power) 

related to the wavelength of light, which makes it more dominant at lower wavelengths [4]. 

Figure 2.6 shows an example of Rayleigh scattering in nature.      

  

 

Figure 2.5. The change of sky color at sunset (red nearest the sun, blue furthest away) is caused 

by Rayleigh scattering. The grey/white color of the clouds is caused by Mie scattering (Reprinted 

by permission under CC BY license of Wikipedia).   
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Figure 2.6. Rayleigh scattering on various particles and molecules present in air (Reprinted by 

permission under CC BY license of Wikipedia). 

 

2.4 The Beer-Lambert Law 
 

    Based on experimental studies, intensity of light decreases in two stages, which is consistent 

with diffusion theory predictions. Within the first 8 mm the rate of decrease is very high 

because the collimated input beam is scattered into a diffuse beam [13, 33]. After that, 

intensity decreases less rapidly, and its rate depends on absorption of tissue’s chromophores. 

After the first few millimeters, the intensity of light drops linearly; thus the penetration depth 

can be calculated as the length over which the space irradiance drops by 1/e on a loge scale [13, 

33]. The tissue type and the wavelength of the light determine the penetration depth. Also, the 

penetration depth depends on both absorption and scattering; this can be seen especially in 

the developing human brain, in which penetration decreases with both increasing maturity 

(increased scattering coefficient) and decreasing wavelength (increased absorption coefficient) 
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[33]. Myelination is the major reason for an increase in scattering; that is why the brain of the 

premature infant is much more transparent than that of an adult [13]. Penetration depth is also 

shorter for highly pigmented organs such as dark skin.   

    Based on the Beer-Lambert law there is a linear relationship between changes in the 

concentration of oxyhemoglobin or deoxy-hemoglobin and the logarithm of the detected light 

in trans-illumination [4]. This law is named after German physicist/mathematician, August Beer, 

and Swiss mathematician, Johann Lambert; they introduced it in their book Einleitung in die hö 

here Optik (Introduction to the Higher Optical) in 1854. However, the law was first discovered 

by Pierre Bouguer 100 years earlier [4]: 

𝑂𝐷 =  − log
𝐼

𝐼0
    ,              (2.2) 

where 𝐼 is intensity of detected light and 𝐼0 is intensity of emitted light and OD stands for 

optical density or absorption, which is proportional to the concentrations of light absorbent 

chromophores. For example, if light passes through a medium of length L, the concentration of 

the solution ([C]) can be calculated using the equation below: (Fig. 2.12)     

𝑂𝐷 =  𝜀 . [𝐶]. 𝐿   ,                 (2.3) 

where 𝜀 is the molar extinction coefficient of the solution, and it is a physical constant that 

describes the amount of light a compound absorbs; it also changes with the wavelength of light, 

the chemical state of the compound, physical parameters such as extremes of temperature, pH, 

or osmolality [4]. Since these factors change within a very narrow biological range, they can be 

neglected in the case of in vivo spectroscopy. Figure 2.7 shows that when light passes through 
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the solution its intensity drops exponentially; the absorption coefficient (𝜇𝐴) is equal to this 

exponential decay. The units for absorption coefficient is inverse distance (cm-1). A typical 

absorption coefficient for the adult brain at 800 nm wavelength is approximately 0.4 cm-1 [4]. 

  

 

Figure 2.7. Illustration of the effect of scattering on Beer-Lambert law. When light passes through a 

turbid medium, photons will be scattered in random directions; thus, they travel a longer distance 

compared to that of a clear sample (top one) before they reach to photodetector. Also, the detected 

light will have a lower intensity as a result of traveling a longer distance as described by the modified 

Beer-Lambert law. Image taken from S.J. Madsen [4] (Reprinted by permission from Springer).    
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Figure 2.8. Light propagation through a medium. Image taken from S.J. Madsen [4] (Reprinted by 

permission from Springer).    

  

    When light is emitted through a medium without scattering, its intensity changes by the 

Beer–Lambert law equation:    

𝐼 =  𝐼0 𝑒−𝜇𝑎𝐿     ,             (2.4) 

where 𝐼 is the intensity of detected light at distance 𝐿 (𝑐𝑚) from source, 𝐼0 is the input 

intensity, and 𝜇𝐴 is the absorption coefficient (Fig. 2.8) [4]. The absorption coefficient is related 

to the concentration of sample by  

𝜇𝑎 = ln(10) 𝜀𝜆 [𝐶] .                (2.5) 

Thus, the Beer–Lambert law can be rewritten as  

𝐼 =  𝐼0 𝑒− ln(10)𝜀𝜆 [𝐶]𝐿       ,   (2.6) 

𝐼 =  𝐼0 10−𝜀𝜆 [𝐶]𝐿              ,    (2.7) 

where 𝜀𝜆 is the molar extinction coefficient (with units 𝐿 𝑐𝑚−1 𝑚𝑜𝑙−1) of the sample at 

wavelength 𝜆 and [C] is the sample concentration (with units 𝑚𝑜𝑙 𝐿−1) [4]. In applications the 

equation is used in base 10 instead of base e, since the values for 𝜀𝜆 are usually given in 

logarithms of base 10.     
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From the Beer–Lambert Law, the optical density (OD) or absorption is defined as 

𝑂𝐷 = log10(
𝐼0

𝐼
) = 𝜀𝜆 [𝐶]𝐿 .                (2.8) 

    If there are more than one chromophore the absorption can be written as 

𝑂𝐷𝜆 = ∑ 𝜀𝑖,𝜆 [𝐶]𝑖𝐿 .                            (2.9)

𝑖

 

    In order to calculate concentration of different chromophores, a few equations must be 

solved, which in the case of two constituent chromophores we need measurements for at least 

two different wavelengths. If the extinction coefficients are known for two compounds at two 

wavelengths, the equations are [4]  

𝑂𝐷𝜆1 = (𝜀1,𝜆1 [𝐶]1 + 𝜀2,𝜆1 [𝐶]2) 𝐿  ,                            

𝑂𝐷𝜆2 = (𝜀1,𝜆2 [𝐶]1 + 𝜀2,𝜆2 [𝐶]2) 𝐿.                 (2.10) 

    There are a few requirements, which limit using the Beer-Lambert law in real applications [4]: 

1) it assumes that the absorbing compounds are independent of each other; this could be 

violated by coupling effects such as Forster transfer or quenching; 2) Concentration of the 

absorbing compound is assumed to be homogeneous along the light path; this is not true in 

case of biological tissues; 3) The atomic effects such as multi-photon absorption, optical 

saturation, or stimulated emission have not been considered; 4) The Beer-Lambert law does not 

consider the scattering effect when light passes through the sample, and it assumes the 

incident light consists of parallel rays. To overcome these limitations the modified Beer-

Lambert law was introduced, which is described below.    
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2.4.1 The Modified Beer-Lambert Law (MBLL) 

    As it was mentioned before, when light traverses a turbid medium such as a biological tissue, 

photons scatter in random directions; thus, the total distance traveled by photons becomes 

longer than the distance between source and detector. In this case, the Modified Beer-Lambert 

law should be used: [4] 

𝑂𝐷 =  𝜇𝐴 . 𝐿 . 𝐷𝑃𝐹 + 𝐺,                      (2.11) 

where DPF (differential path-length factor) is an additional factor to correct the distance factor 

between a light source and photodetector (L). DPF is a real positive number greater than 1 

because it accounts for the indirect path traveled by photons. The term G is the geometry 

factor and it accounts for the increased absorption of the sample since part of photons escape 

at the boundaries of sample before they reach the detector [4]. The MBLL gives the absolute 

values of concentration of chromophores but in applications for biological tissues, it cannot be 

used because of uncertainty on values for DPF, G and also number of different chromophores, 

which should be considered in calculations. Therefore, changes in optical density (∆OD) are 

used in continuous-wave diffuse optical spectroscopy (DOS) as the following equation [4] 

Δ𝑂𝐷 =   ∑ 𝜀𝑖 . Δ[𝐶]𝑖 . 𝐿 . 𝐷𝑃𝐹 .                    (2.12)

𝑖

 

Hence, because of subtraction in the equation 2.11, the background effect and also the 

geometry factor will be eliminated. Studies show that optical density, DPF, and the extinction 

coefficient are wavelength dependent; thus, their values must be known for measurements at 

different wavelengths [4]. In most applications of optical brain imaging, only two 
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chromophores, oxy- and deoxy-hemoglobin, are considered; therefore, measurements for at 

least two unique wavelengths are required. In the case of these two compounds, the MBLL for 

one particular wavelength is expressed by     

Δ𝑂𝐷𝜆 = (𝜀𝐻𝑏𝑂2
𝜆  Δ[𝐻𝑏𝑂2] + 𝜀𝐻𝑏

𝜆  Δ[𝐻𝑏𝑅]) 𝐷𝑃𝐹𝜆 𝐿,                        (2.13) 

where ∆[HbO2] and ∆[HbR] are changes in concentration of oxy-hemoglobin and deoxy-

hemoglobin, respectively, from t1 to t2. ∆OD for a particular wavelength 𝜆 can be calculated by  

Δ𝑂𝐷𝜆 = 𝑂𝐷2,𝜆 −  𝑂𝐷1,𝜆,                        

Δ𝑂𝐷𝜆 = log10 (
𝐼0

𝐼2
) − log10 (

𝐼0

𝐼1
),         

Δ𝑂𝐷𝜆 = log10 (
𝐼0

𝐼2
.
𝐼1

𝐼0
) ,                         

Δ𝑂𝐷𝜆 = − log10 (
𝐼2

𝐼1
),              (2.14) 

where 𝐼0 is the intensity of incident light, 𝐼1 and 𝐼2 are intensities of detected light at time t1 

and t2, respectively [4]. If we calculate changes of optical density for two different wavelengths 

and by knowing the extinction coefficients at these two wavelengths (𝜆1 and 𝜆2), then we can 

calculate changes in concentration of oxy-hemoglobin and deoxy-hemoglobin by solving the 

system of linear equations defined in Eq. 2.13; that results in the followings [4]:   

Δ[𝐻𝑏𝑅] =  
𝜀𝐻𝑏𝑂2

𝜆2  
Δ𝑂𝐷𝜆1

𝐷𝑃𝐹𝜆1 − 𝜀𝐻𝑏𝑂2
𝜆1  

Δ𝑂𝐷𝜆2

𝐷𝑃𝐹𝜆2

(𝜀𝐻𝑏
𝜆1  𝜀𝐻𝑏𝑂2

𝜆2 −  𝜀𝐻𝑏
𝜆2  𝜀𝐻𝑏𝑂2

𝜆1 ) 𝐿
  ,                                

Δ[𝐻𝑏𝑂2] =  
𝜀𝐻𝑏

𝜆1  
Δ𝑂𝐷𝜆2

𝐷𝑃𝐹𝜆2 − 𝜀𝐻𝑏
𝜆2  

Δ𝑂𝐷𝜆1

𝐷𝑃𝐹𝜆1

(𝜀𝐻𝑏
𝜆1  𝜀𝐻𝑏𝑂2

𝜆2 −  𝜀𝐻𝑏
𝜆2  𝜀𝐻𝑏𝑂2

𝜆1 ) 𝐿
   .                 (2.15) 
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If we assume that other elements in blood remain constant, the total change in hemoglobin 

concentration (∆HbT) can be considered as the total change in blood volume (∆BV) [4]:      

∆𝐵𝑉 =  ∆𝐻𝑏𝑇 =  ∆𝐻𝑏𝑂2 +  ∆𝐻𝑏𝑅.                    (2.16) 

    In some studies more than two wavelengths are used to estimate changes in concentration of 

additional chromophores such as cytochrome oxidase.     

 

2.5 Instrumentation for Optical Brain Imaging  

    There are three types of near-infrared spectroscopy (NIRS) machines: continuous wave (CW), 

frequency modulated (FM), and time-resolved (TR) as it is shown in Fig. 2.9. CW-NIRS 

instruments are the simplest and also the cheapest optical systems, in which a continuous 

beam light source is used to illuminate the tissue; after light passes through the tissue, it will be 

detected by a photodetector, either in a transmission or back-reflectance geometry [4]. Using 

the change in intensity of light passing through tissue the optical absorption can be calculated, 

and it assumes there is no scattering changes. CW-NIRS optical systems work similar to the 

oximeter systems of the 1930–1970s, and they are sensitive to background absorption and 

scattering. Only changes in optical absorption and not the absolute values can be calculated by 

CW-NIRS instruments [4].   

    Using CW-NIRS it is possible to measure changes in blood volume and blood oxygenation 

noninvasively. For that, an LED or laser diode emits near-infrared light into the tissue, and 

photons that are reflected back to the surface of tissue are detected by photodetectors (Fig. 

2.10); that then can be analyzed to calculate changes of blood volume and blood oxygenation 
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(changes in concentrations of oxygenated and deoxygenated hemoglobin) [4]. It is known that 

neural and hemodynamic activity are directly related (neurovascular coupling); thus, NIRS 

would be a great choice for functional brain imaging. When there is a functional brain activity, 

the activated area of brain needs more oxygen and astrocytes and neurotransmitters mediate 

complex signals to the vasculature, which as a result blood flow, blood volume and blood 

oxygenation increase locally [4]. In a NIRS system, light sources and photodetectors are placed 

on the scalp and they can measure hemodynamic responses for several regions of the brain 

simultaneously. Then, using these measurements, an image showing functional brain activity 

can be reconstructed [4].    

              

 

Figure 2.9. Three basic types of DOS instruments including CW (top row), FM (middle row), and TR 

(bottom row). Image taken from S.J. Madsen [4] (Reprinted by permission from Springer).  
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Figure 2.10. Functional near-infrared spectroscopy. Image taken from S.J. Madsen [4] (Reprinted by 

permission from Springer).  

 

    In a time-resolved or time-domain DOS system, very short duration (a few picoseconds) 

pulses of light are emitted into tissue; then, using time-of-flight measurements it is possible to 

measure optical absorption, scattering, and also differential path-length factor for the sample 

[4]. For the first time, D. T. Delpy et al. in 1988 proposed that the time of flight of picosecond 

length light pulses can be used to estimate DPF values [34]. As light traverses the tissue, its 

temporal dispersion is a function of the reduced scattering coefficient and a fast-gated photon 

detector such as photomultiplier tube collects photons on the other side of the tissue to record 

the time of flight of the light [4]. Using the arrival time of photons, DPF value and also depth 

sensitivity can be measured because early-arriving photons have traveled a shorter distance 

and compared to photons arriving later they have probed superficial tissues [4].  Time-resolved 
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optical systems are expensive, and also more complicated to be built since they require 

specialized lasers, gating circuits, and fast photodetectors.         

    In terms of cost, complexity, and information content FM-NIRS optical systems are between 

CW and TR systems. In a FM system the intensity of light is modulated by the frequency range 

of 100–200 MHz. When light passes through tissue, its amplitude will decrease; also, there 

would be a phase shift between the input and the detected light, which is proportional to the 

propagation distance [4]. The change in amplitude and the introduced phase shift between 

incident light and detected light by photodetectors can be used to measure absorption and 

scattering changes [4]. Table 2.1 summarizes characteristics of three different types of NIRS 

systems [35]. 

    M. Diop et al. compared CW- and TR-NIRS techniques to estimate CBF in piglets [36]. They 

found that the indocyanine green (ICG) bolus-tracking method combined with CW-NIRS has 

lower accuracy in estimation of CBF, as a result of the overestimation of the optical path length 

through brain tissue. TR-NIRS technique is shown to improve depth sensitivity using photon 

time-of-flight information, which could also have been achieved through phase changes 

measured by FM technique. 
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Table 2.1. Characteristics of the three main types of NIRS systems. Table taken from P. Y. Lin et al. [35] 

(Reprinted by permission from JMBE).  

 Continuous wave (CW) Time domain 

(TD) 

Frequency domain 

(FD) 

Separate scattering and 
absorbing light 

Least Most Moderate 

Parameters measured Hemodynamic; relative 
changes 

Hemodynamic; 
absolute value 

Hemodynamic; 
absolute value 
neural activity 

Discrimination between 
cerebral and extracerebral 

tissue 

Not available Feasible Feasible 

Sampling rate (Hz) Fastest (<100) Least (~1) Moderate (<50) 

Signal-to-noise ratio (SNR) Most Least Moderate 

Depth resolution Least Most Moderate 

Cost from low to high High High 

Physical size Some large. Some can be 
minimized to wireless 

system 

Large Portable 

Commercially available Oximeter: yes; 
Imaging : yes 

Oximeter: yes; 
Imaging: no 

Oximeter: yes; 
Imaging: yes 

 

        Time-resolved spectroscopy (TRS) systems are very big and expensive, thus they are used in 

laboratory. In a TRS device a picosecond-long pulsed laser is emitted into the tissue and then 

photon intensity and the time delay between pulse emission and detection are recorded, which 

can be used to calculate DPF [37]: 

𝐷𝑃𝐹 = 𝑐𝑣 × < 𝑡 > /𝑑 × 𝑛𝑡  ,              (2.17) 
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where 𝑐𝑣 is the light speed in a vacuum, 𝑛𝑡 is the refractive index of the tissue (an empirical 

value of 1.4 is assumed), < 𝑡 >  is the mean time of the light traversing the tissue, and 𝑑 is the 

geometrical distance between source and detector.   

    In a frequency-domain (FD) system, DPF can be calculated using the phase shift [37]: 

𝐷𝑃𝐹 = 𝜙 ×  𝑐𝑣 /(2𝜋 × 𝑓 × 𝑛𝑡 × 𝑑) ,              (2.18) 

where 𝜙 is the phase shift, and 𝑓 is the modulation frequency. Also, using NIRS measurements, 

both cerebral blood flow (CBF) and cerebral blood volume (CBV) can be calculated in absolute 

terms (considering oxygen as an intravascular tracer) [37]: 

𝐶𝐵𝐹(𝑚𝑙. 100−1. 𝑚𝑖𝑛−1) =  𝐾1.
∆𝐻𝑏𝐷

2
. 𝐻. ∫ ∆𝑆𝑎𝑂2

𝑡

0

  ,        (2.19)  

𝐶𝐵𝑉(𝑚𝑙. 100𝑔−1) = 𝐾2.
∆𝐻𝑏𝐷

2
. 𝐻. ∆𝑆𝑎𝑂2 ,                (2.20) 

where 𝐾1 is a constant reflecting the molecular weight of hemoglobin (64,500) and cerebral 

tissue density (1.05 g/mL); 𝐾2 is obtained from 𝐾1 and the large-vessel: tissue hematocrit ratio; 

∆𝑆𝑎𝑂2 is the change in arterial oxygen saturation by pulse oximetry; H is the blood vessel 

hemoglobin concentration (g/dL), and ∆𝐻𝑏𝐷 is the difference between the change in [HbO2] 

and [HbR].         

    CW-type NIRS systems have been used a lot more than the two other types, because of their 

low cost and relative simplicity, combined with their ability to detect relative changes in brain 

activity – which, although not quantitative, can still provide significant insight into neural 

function during sensorimotor and cognitive processing [38].  
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    NIRS systems that measure at single locations with up to 4 sensors are referred to by term 

NIRS and they do not have imaging capacity. Imaging systems with more than 4 channels are 

called near-infrared imaging (NIRI) and they produce 2D or 3D images [38]. Those NIRI systems 

which produce 2D images are called near infrared topography or mapping, or diffuse optical 

imaging; those producing 3D images are referred to as near infrared tomography or mapping, 

or diffuse optical tomography or imaging [38].    

 

2.6 Multi-Distance (MD) measurements 

    Any NIRS measurement is a combination of several different components including [38]: 1) 

evoked neurovascular coupling by a stimulus/task, 2) non-evoked or spontaneous 

neurovascular coupling, and 3) evoked and non-evoked systemic physiological processes, which 

are not induced by neurovascular coupling (so-called “physiological interference” or “systemic 

interference”). Generally, these components can be classified according to three aspects [38]:  

1) source (intracerebral vs. extracerebral), 2) stimulus/task relation (evoked vs. non-evoked), 

and 3) cause (neuronal vs. systemic), leading to six signal components (SC1–SC6) (see Table 

2.2). The effects of superficial absorption changes (SC3 and SC6) can be considerably reduced 

by using information of multi-distance (MD) measurements [38].         

      The study of F. B. Haeussinger et al. (2011) showed that the extracerebral compartment 

absorbs the major part of the energy in NIR light (scalp: ~76%, skull: ~20%, CSF: ~0.4%) 

compared to the cerebral compartment (gray matter: ~3%, white matter: ~0.0005%) [39].    



Chapter 2 – Background (Principles of Near-Infrared Spectroscopy) 

41 
 

   Table 2.2. Classification of main signal components of any fNIRS signal. Table taken from F. 

Scholkmann et al. [38] (Reprinted by permission from Elsevier).  

 Evoked  Non-evoked  

 Neuronal Systemic Neuronal Systemic 

Cerebral SC1:Functional brain activity 
(neurovascular coupling) 

SC2: Systemic activity type 1 
(e.g. changes in blood 
pressure, pCO2, cerebral 
blood flow/volume) 

SC4: Spontaneous brain 
activity 
(neurovascular coupling) 

SC5: Systemic activity 
type 3 (e.g. heart rate, 
respiration, 
Mayer waves, very low 
frequency oscillations) 

Extra-cerebral - SC3: Systemic activity type 2 
(e.g. changes in blood 
pressure, skin blood 
flow/volume) 

- SC6: Systemic activity 
type 4 (e.g. heart rate, 
respiration, 
Mayer waves, very low 
frequency oscillations) 

 
 

    Spatially resolved spectroscopy (SRS) and the self-calibrating (SC) method are two main types 

of MD methods to determine absolute values of [HbO2], [HbR], [HbT] and StO2. However, in 

the SRS system a reasonable value has to be assumed for the scattering coefficient [38]. Figure 

2.11 depicts an example of source–detector arrangements for SRS and SC methods. StO2 refers 

to “tissue oxygenation index” or “regional oxygen saturation index”. MD imaging methods have 

several benefits compared to the conventional MBLL approach [38]: 1) MD methods provide 

more robust measurements against motion artifacts since they give absolute values. A change 

in light coupling in MD method affects all distances similarly and thus they cancel out, while it 

will be misinterpreted as a change in hemoglobin concentrations in the MBLL approach. 2) The 

influence of superficial tissue can be automatically removed by calculating the change in light 

intensity over distance, which results in measurements more sensitive to brain activity and the 

assumption that the tissue and changes in hemoglobin concentrations are homogenous would 

be more valid compared to the single source-detector distance approach.       
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     One advantage of the SC method compared to MBLL and SRS is that the influence of motion 

artifact, which causes changes in light coupling, is much reduced because the coupling factors 

cancel out [38].    

 

 
 

Figure 2.11. Examples of source–detector arrangements for the self-calibrating approach (a) and the 
spatially resolved spectroscopy approach (b). The paths used for calculation of hemodynamic signals are 

indicated by arrows. Image taken from F. Scholkmann et al. [38] (Reprinted by permission from 
Elsevier).  

 

 

 

2.7 History of Diffuse Optical Spectroscopy of Human Tissue 

    Diffuse optical spectroscopy (DOS) uses red to near-infrared light (600–900 nm) to determine 

optical properties of brain tissues, absorption and scattering coefficients, noninvasively by 

surface measurements on the head. Since brain tissue is optically turbid, emitted photons will 

be scattered in different directions resulting in a stochastic propagation of photons which 

brings the term “diffuse” optical spectroscopy [4]. Thus, in a turbid medium photons travel in 
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random paths before they are absorbed by tissue or scattered back to the surface of the tissue. 

This uncertainty in photons path results in poor spatial resolution. However, although skull, 

scalp and brain tissue are all highly scattering, absorption in the wavelength range of 600 to 900 

nm is low enough to reach and penetrate the neocortex [4]. Because of using near-infrared light 

in DOS, it is also called by other names like near-infrared spectroscopy (NIRS), functional NIRS 

(fNIRS), diffuse optical imaging (DOI), or diffuse optical tomography (DOT). In general, NIRS 

applies to any application which uses near-infrared light, such as analytic chemistry, food 

science, and industry processing. It should be noticed that there is a difference between DOT 

and DOI [4]. In DOT a large number of optical source and detector pairs are used to give 

spatially overlapping (i.e. tomographic) measurements, while in DOI overlapping measurement 

geometries are not used, even if they may employ many sources and detectors [4]. Table 2.3 

summarizes the history of fNIRS technology development [40]. Table 2.4 shows the list of 

commercially available near-infrared imaging systems [38].                         

 

2.8 Applications of cerebral oxygenation monitoring and functional optical imaging  

    Many areas of medicine and physiology are interested in noninvasive examination of the 

oxygenation of living tissue in vivo. Based on the report by Special Care Baby Units (SCBU), 

between 1% and 3% of all newborn infants need some degree of intensive care, such as 

mechanical ventilation, oxygen therapy, and maintenance of nutrition and acid-base balance 

[13]. While the majority of these infants develop into normal children, still a small group do not 
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survive and a further small group survive with some degree of severe or minor 

neurodevelopmental impairment [13]. The latter group creates the largest concern because 

despite an increase in the number of newborn infants surviving, the numbers with some degree 

of neurodevelopmental impairment are static. Very preterm infants (defined as less than 33 

weeks gestation), very low birth weight infants (defined as less than 1500 grams) and term 

infants with growth retardation or birth asphyxia are at risk more than any other groups of 

infants [13].     

     Diffuse optical imaging (DOI) is inexpensive, simple and portable compared to other imaging 

systems such as fMRI and positron emission tomography (PET). DOI cannot be considered as a 

replacement for high-resolution imaging systems like MRI and PET because of its poor 

penetration depth and spatial resolution [4]. But rather it can be used for applications like 

bedside monitoring or infant brain studies, since it is more difficult (or not possible) to use MRI 

or PET for these types of applications. DOI systems have already been used in many clinical 

applications such as monitoring of the brain during cardiac surgery, hypothermic cooling, 

carotid endarterectomy, and anesthesia [4]. They also have been applied to investigate the 

efficacy of the technique in various cerebral injuries including hypoxia and ischemia, brain 

trauma, metabolic failure, and cerebral auto-regulation impairments [4].    

    DOS has been used in many psychological tests in adults, children, and infants such as N-back, 

Stroop, emotion, speech, and other attention or memory, fine motor skills, attention while 

driving a car, or social engagement [4]. DOI has many potential applications for children and 

infant studies since the sensors can be placed on a lightweight, nonintrusive optical head cap 
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and children can wear it comfortably and also it can be built to look like a costume hat or 

helmet to encourage children to wear it through the study [4]. As long as the sensors (LEDs or 

laser diodes and photodetectors) are fixed on head and they do not move, DOI systems can be 

used for movement studies such as balance, walking and gait, and vestibular testing. They can 

also be made wireless to give the subject freedom for full body motion during studies [4]. 

    NIRS has been used in sports to evaluate skeletal muscle oxygenation and oxidative energy 

metabolism in athletes during localized exercise, whole-body exercise, and training-induced 

adaptations [41]. S. Ferrante et al. used time-domain NIRS (on both rectus femoris) to study 

stroke-altered muscular metabolism on postacute patients, during knee flex-extension induced 

by quadricep electrical stimulation [42]. R. Re et al. developed a compact TRS system based on 

wavelength space multiplexing (dual-wavelength and dual channel) [43]. They used the TRS 

system to quantify the progress of training protocols in motor rehabilitation of stroke patients 

by measuring the muscle hemodynamics. Also, many studies of chronic health conditions have 

used this technology. NIRS has the potential to be used as a noninvasive cerebral oxygenation 

monitor and it might reduce perioperative neurologic complications after cardiac surgery [44]. 

K. M. Brady et al. evaluated NIRS as a monitoring tool to determine optimal cerebral perfusion 

pressure (CPP) for patients with acute brain injury [45]. Nevertheless, further investigation and 

technological advances are required before NIRS can be widely used in clinical applications such 

as during routine surgery under general anesthesia or in brain injury [44].   

    Pulse oximetry cannot be used for assessment of end-organ tissue oxygenation (StO2), since 

infrared light would be absorbed mostly by skin, bone, and other organs (using direct 
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transmission between source-detector pair) [46]. But NIRS, using reflection technique and near-

infrared light, is able to penetrate a broad range of tissues to determine end-organ perfusion 

and measure StO2. StO2 measurement has been used in many animal applications such as 

identifying visceral organ ischemia in animal hemorrhage models, and optimization of 

resuscitation and end-organ oxygenation [46]. It also has found many applications in human 

studies, since StO2 changes occur earlier than traditional measurements such as blood 

pressure, heart rate, base deficit, serum lactate, and mental status [46]. Furthermore, StO2 

measurements have been used in selecting resuscitation fluids, assessing end-organ 

oxygenation during blood transfusion, quantifying the oxygen-carrying deficit secondary to the 

blood storage lesion, identifying trauma patients who required massive transfusions, developed 

multiple organ dysfunction syndrome, or experienced lower extremity compartment syndrome 

[46].    

    In the past two decades, fNIRS has been increasingly used in the field of neuroscience to 

study different neuropsychiatric disorders, most prominently schizophrenic illnesses, affective 

disorders and developmental syndromes, such as attention-deficit/hyperactivity disorder as 

well as normal and pathological aging [47]. This fact suggests that fNIRS can be considered as a 

valid addition to the available neuroscientific methods in order to understand neural 

mechanisms underlying neuropsychiatric disorders, which involves both diagnostics and the 

complementary treatment of them using neurofeedback applications [47].       
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Table 2.3. The history of fNIRS technology development. Table taken from M. Ferrari et al. [40] 

(Reprinted by permission from Elsevier). 
Year Major events 

1977 Jöbsis demonstrates the possibility to detect changes of adult cortical oxygenation during hyperventilation 
by near-infrared spectroscopy. 

1985 First NIRS clinical studies on newborns and adult cerebrovascular patients (Brazy; Ferrari). 

1989 First commercial single-channel CW clinical instrument: NIRO-1000 by Hamamatsu Photonics, Japan. 

1991/
1992 

First fNIRS studies carried out independently by Chance, Kato, Hoshi, and Villringer by using single-channel 
instruments. 

1993 Publication of the first 6 fNIRS studies. 
Simultaneous monitoring of different cortical areas by 5 single-channel instruments (Hoshi). 

1994 First application of fNIRS on subjects affected by psychiatric disorders by using a single-channel system 
(Okada). 
Hitachi company (Japan) introduces a 10-channel CW system (Maki). 
First simultaneous recording of positron emission tomography and fNIRS data (Hoshi). 

1995 First evidence of a fast optical signal related to neuronal activity (Gratton). 
First two-dimensional image of the adult occipital cortex activation by a frequency domain spectrometer 
(Gratton). 

1996 First simultaneous recording of fMRI and CW fNIRS data (Kleinschmidt). 
First simultaneous recording of fMRI and TRS fNIRS data (Obrig). 

1998 First application of fNIRS on newborns using a commercial single-channel CW system (Meek). 
First images of the premature infant cortex upon motor stimulation by using a CW-fNIRS prototype 
(Chance). 
First application of the Hitachi 10-channel system in clinics (Watanabe). 

1999 First introduction of a 64-channel TRS system for adult optical tomography (Eda). 
First introduction of a 32-channel TRS system for infant optical tomography (Hebden). 
First optical tomography TRS images of the neonatal head (Benaron). 
Introduction of the first compact 8-channel TRS system (Cubeddu). 
TechEn company (USA) starts to release its first fNIRS commercial system. 

2000 Hitachi company starts to release its first commercial system: (ETG-100, 24 channels). 

2001 First fNIRS study using a single-channel CW portable instrument and telemetry (Hoshi). 
Shimadzu company (Japan) starts to release its first commercial system: (OMM-2001, 42 channels). 
ISS Inc.(USA) starts to release the frequency domain system: Imagent (up to 128 channels). 
First three-dimensional CW tomographic imaging of the brain (DYNOT, NIRx Medical Technologies, US) 
(Bluestone). 

2002 Hitachi company starts to release the ETG-7000 (68 channels). 

2003 Hitachi company starts to release the ETG-4000 (52 channels). 
Artinis company (The Netherlands) starts to release the Oxymon MkIII (up to 96 channels). 

2004 Shimadzu company (Japan) starts to release the NIRStation (64 channels). 
First simultaneous recording of DC-magnetoencephalography and CW fNIRS data (Mackert). 

2005 Hitachi company starts to release the ETG-7100 (72 channels). 

2007 Shimadzu company starts to release the FOIRE-3000 (52 channels). 

2009 fNIR Devices company (USA) starts to release a wearable 16-channel system for adult PFC measurements. 
Hitachi company starts to release a battery operated wearable/wireless 22-channel system for adult 
prefrontal cortex measurements. 

2011 NIRx Medical Technologies company (USA) starts to release a battery operated wearable/wireless 256-
channel system for adult frontal cortex measurements. 



Chapter 2 – Background (Principles of Near-Infrared Spectroscopy) 

48 
 

Table 2.4. Commercial NIR imaging devices. Table taken from F. Scholkmann et al. [38] (Reprinted by 
permission from Elsevier).  

 
Device (Manufacturer), 

country 
Time-res. 

[Hz] 
#Emitter #Detector SDS [mm] E-tech Wavelengths 

[nm] 
D-tech 

OXYMON 
MkIII 

(Artinis), 
Netherlands 

250 32 16 Adjustable Laser 760, 850 APD 

PortaLite (Artinis), 
Netherlands 

50 3 1 20+25/30+35+40 LED 760, 850 PD 

fNIR1100 (fNIR Devices), 
USA 

2 1/1/4 2/4/10 20/25/25 LED 730, 850  

fNIR1100w (fNIR Devices), 
USA 

2 1 2/4 20/25 LED 730, 850  

ETG-4000 (Hitachi 
Medical), Japan 

10 18 8 20/30 Laser 695, 830 APD 

ETG-7100 (Hitachi 
Medical), Japan 

10 40 40 20/30 Laser 695, 830 APD 

WOT (Hitachi 
Medical), Japan 

5 8 8 30 Laser 705, 830 PD 

Genie (MRRA), USA 5.02 4 to 16 8 to 32 Adjustable LED 700, 830 PD 

NIRScout (NIRx), USA 6.25 to 
62.5 

8 or 16 4 to 24 Adjustable LED 760, 850 PD 

NIRScoutX (NIRx), USA 6.25 to 
62.5 

48 32 Adjustable LED 760, 850 PD 

NIRSport (NIRx), USA 6.25 to 
62.5 

8 8 Adjustable LED 760, 850 PD 

Brainsight 
NIRS 

(Rogue 
Research), 

Canada 

100 4 to 16 8 to 32 Adjustable Laser 685, 830, 
(808) 

APD 

FOIRE-3000 (Shimadzu), 
Japan 

7.5 to 40 4 to 16 4 to 16 Adjustable Laser 780, 805, 
830 

PMT 

OEG-SpO2 (Spectratech), 
Japan 

1.52/12.2 6 6 30/25/15-40 LED 770, 840 PD 

CW6 (TechEn), USA 10 to 50 4 to 48 8 to 32 Adjustable Laser 690, 830 APD 

UCL Optical 
Topography 

System 

(University 
College 

London), 
UK 

10 to 160 16 16 Adjustable Laser 780, 850 APD 

Imagent (ISS Inc.), USA 16 to 60 16 or 32 4 or 8 Adjustable Laser 690, 830 PMT 
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Chapter 3 

 

Literature review on NIRS studies 

 

 

    In this chapter we review previous studies conducted in the area of near-infrared 

spectroscopy. As a non-invasive method, NIRS has been widely used in many studies to 

understand brain functions in health and disease. NIRS devices have been used for monitoring 

patients in many clinical settings such as cardiac surgery (coronary artery bypass surgery, during 

deep hypothermic circulatory arrest), paediatric cardiac surgery and neurosurgery, in patients 

undergoing carotid endarterectomy and with post-endarterectomy hyperperfusion syndrome 

[48]. As two of the pioneers in the field of near-infrared spectroscopy, M. Cope and D. T. Deply 

in 1988 developed a NIRS system with four wavelengths to measure hemodynamic responses in 

newborn infants [49]. They monitored changes in [HbO2], [HbR], and concentration of 

cytochrome. In a typical hemodynamic response due to brain activity, blood flow, oxy-

hemoglobin, and total hemoglobin concentrations increase initially (occurring within the 

arterial vascular compartment) and then after 1 to 2 s delay, deoxy-hemoglobin concentration 
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decreases. But after a few seconds concentration of oxy-hemoglobin increases more than total 

hemoglobin since it displaces deoxy-hemoglobin from the veins [50].           

           

3. 1 Cognitive tasks in NIRS studies 

3.1.1 Verbal fluency task in NIRS studies    

    The verbal fluency task (VFT) is a common cognitive task used in NIRS studies. M.J. Herrmann 

et al. monitored prefrontal brain hemodynamics using NIRS in 14 healthy subjects during the 

VFT (asking for nouns beginning with the letters “A,” “F,” and “S”) [51]. Their results showed a 

significant increase in [HbO2] and a decrease in [HbR] during VFT, but they did not see any 

lateralization effects, meaning that cognitive activation demands on the left and right 

hemispheres were the same. 

    A. Watanabe et al. used Hitachi’s 24-channel fNIRS machine (ETG-100) to study 

hemodynamic changes in 10 healthy subjects during the design fluency task (DFT), verbal 

fluency task (VFT), and hyperventilation (HV), in the bilateral frontal area [52]. Their results 

showed increase in [HbO2] and [HbT] during DFT and VFT but they decreased during 

hyperventilation bilaterally. They did not find significant changes in [HbR], significant main 

effects of hemisphere, or any interaction of hemisphere_task, channel_task, or 

hemisphere_channel_task, which means [HbO2], [HbR], and [HbT] changed equally in the left 

and right hemispheres during the tasks. They also found that during VFT, [HbO2] changes 
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correlated with age negatively, in the left hemisphere, suggesting decrease in a cerebrovascular 

response with age, during the cognitive task.   

    H. Ogata et al. evaluated frontal activation during three different tasks, including math task 

(addition or subtraction of two- and one-digit numbers), VFT, and naming task (saying words 

related to the picture shown on the screen) [53]. They observed different activity patterns in 

frontal cortex during different tasks. They suggested that it might be due to mental stress.   

    M. Kameyama et al. studied the effect of sex, age, and task performance on brain 

hemodynamics (changes in [HbO2]) during VFT in 39 healthy subjects, in frontal and temporal 

lobes [54]. The results showed that sex had the most prominent effect and larger increase in 

[HbO2] in males was observed than in females. Also, [HbO2] increased more in young subjects 

compared to middle-aged subjects. Task performance didn’t show any significant effect on 

[HbO2] increase, but they found that in subjects with low performance [HbO2] tends to 

increase more than in subjects with high performance. Studies using fMRI and PET reported 

greater lateralization of brain activation in males than in females during language tasks [55, 56]. 

Also, other studies on cognitive activation reported better performance of females in verbal 

tasks and better accomplishment of males in spatial tasks [57].   

    Near-infrared spectroscopy has been used in many neuropsychiatric studies to investigate 

the effects of depression, schizophrenia, and Alzheimer’s disease. In healthy subjects, during 

VFT the concentration of oxy-hemoglobin and total hemoglobin increase, while conversely 

Alzheimer's disease (AD) patients showed decrease in both [HbO2] and [HbT], which was more 

significant in the parietal cortex compared to the frontal cortex [58]. This could be because of 
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altered regional brain function, altered neurovascular coupling caused by neurodegeneration, 

or anatomical changes during aging and neurodegeneration. Also, a NIRS study on 10 AD 

patients and 10 healthy controls showed that during performing VFT the AD patients lost the 

left hemispheric activations observed in controls [59]. This loss of asymmetry might be 

characteristic for AD [58]. Furthermore, declined increase of [HbO2] in the dorsolateral 

prefrontal cortex was found in AD patients during VFT. Another NIRS study on 13 individuals 

with subjective memory complaints, mild cognitive impairment, or very mild AD showed 

impaired response to olfactory stimulation in the temporal cortex [60]. In fact, the pathway for 

the olfactory response is through the entorhinal cortex and thus the response might decline at 

an early stage of AD. Hence, fNIRS might be considered as a diagnostic method to detect 

temporal lobe dysfunction in AD in the future [58].   

    In order to understand the visuospatial deficits, 13 patients with suspected mild AD were 

asked to perform the Benton line orientation task [58]. There was no difference in task 

performance between patients and control subjects, but the parietal lobe showed less 

activation in AD patients than in controls. Based on their interpretation, it could be due to loss 

of neuronal functionality before distinct atrophy happens, since PET studies show more amyloid 

plaques in parietal cortex of patients with AD than in that of controls. This suggests that NIRS 

might be used for early detection of AD in the future. But a major problem of using fNIRS in AD 

studies is that DOS systems can measure hemodynamics of only superficial cortices, while the 

para-hippocampal gyrus and hippocampus regions, which are commonly involved in AD, are 

located deeper in the brain [58].  
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    A. Watanabe et al. studied hemodynamic response of the left frontal area of brain in 62 

schizophrenia patients and 31 healthy subjects during VFT and letter number span task (LNT) 

[61]. In VFT the subjects were asked to say as many words as they could remember beginning 

with specific letters. Studies show that VFT activates the frontal lobe since it requires strategic 

retrieval and access to phonologic and orthographic information. In LNT subjects were asked to 

say a mixed series of alternating numbers and letters in order (first numbers in correct 

numerical order, and then the letters in correct alphabetical order). For example, the correct 

answer to "d7a2e9" is "279ade". LNT has been reported to activate working memory since it 

requires storage and processing of information. They found that during VFT, [HbO2] increases 

more in control subjects compared to Schizophrenia patients, even if both groups had the same 

performance; while, during LNT both groups showed increase in [HbO2] and there wasn’t a 

significant difference between two groups of subjects. Also, the results showed that [HbO2] 

increases more in patients medicated with atypical antipsychotics than in patients medicated 

with typical antipsychotics. This study supported functional hypofrontality in schizophrenia 

patients, which was already reported by PET, single-photon emission tomography, and fMRI 

studies. The authors also suggested that the hypofrontality may be task dependent. 

    Y. Kubota et al. investigated effect of letter and semantic VFT on hemodynamics of the 

prefrontal cortex (PFC) in 16 patients with schizophrenia and 19 control subjects [62]. Their 

results showed that in healthy controls, hemodynamic signals of PFC activation during letter 

VFT were stronger than during semantic VFT, but in schizophrenia subjects it was the opposite. 

This fact suggests that in healthy subjects PFC is more clearly involved in letter-cued retrieval, 
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but in patients with schizophrenia probably there is greater demand on the PFC because of the 

semantic mode of lexical access [62]. This may suggest semantic system dysfunction specific to 

schizophrenia, and thus the functional differences between letter and semantic VFT might 

explain the nature of language-related problems in this disorder [62].      

    T. Suto et al. used two 24-channel NIRS machines (Hitachi ETG-100) to monitor hemoglobin 

concentration changes in 10 patients with depression, 13 patients with schizophrenia, and 16 

control subjects during performing VFT and unilateral finger tapping task [63]. In the VFT, 

subjects were asked to say as many words as they could remember beginning with sounds /a/, 

/ka/, or /sa/. In the rest periods they were asked to repeat the syllables /a/, /i/, /u/, /e/, and /o/ 

with their eyes open. They found that during VFT, increase of [HbO2] was smaller during the 

first half of the task for the depression group. In the schizophrenic group, [HbO2] decreased 

initially and re-increased in the post-task period. Also, in the finger-tapping task patient groups 

showed a larger increase in [HbO2] compared to control group.     

    K. Matsuo et al. evaluated hemodynamic response of patients with mood disorders (major 

depressive disorder (MD) and bipolar disorder) in a series of cognitive and physiological tasks, 

including verbal repetition test (VRT), verbal fluency test (VFT), hyperventilation (HV), and 

paper-bag breathing (PB) [64]. Their study showed less increase in [HbO2] in the MD and the BP 

groups than in the control group during the VFT. Also, the decrease of [HbO2] during 

hyperventilation in both MD and the bipolar disorder groups was significantly smaller than in 

controls. Their conclusion was that the hypofrontality in MD and bipolar disorder patients may 

be related to a poor response in the cerebral blood vessels to neuronal and chemical stimuli. In 
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hypofrontality activation of glucose metabolism and also blood flow in the frontal lobe reduce. 

They also suggested that the hypofrontality in MD patients might not only reflect the neural 

dysfunction, but also altered vasoreactivity. 

    M. Schecklmann et al. evaluated NIRS (Hitachi’s ETG-4000 system) to detect Attention-

Deficit/Hyperactivity Disorder (ADHD) during verbal fluency task (14 ADHD patients and 14 

healthy subjects) [65]. Both groups of subjects showed equal performance in phonological 

verbal fluency, while ADHD group showed higher performance in semantical verbal fluency 

than the controls. They also observed that the magnitude of oxygenation in ADHD group is 

lower than that in controls and their brain activity had significant negative correlation with 

performance (higher brain activity was related to/associated with lower performance). 

 

3.1.2 Color distinction task in NIRS studies 

    M. L. Schroeter et al. used NIRS on 14 healthy subjects to measure hemodynamic response 

during a color–word matching Stroop task [66]. In this task subjects were asked to determine if 

the color of letters in the top row corresponds to the color name written on the bottom row 

(Fig. 3.1). In order to respond, they could use the index finger for a YES or the middle finger for 

a NO (both fingers of the right hand). For neutral trials, in the top row was written ‘XXXX’ in red, 

green, blue or yellow, and in the bottom row color names, ‘RED’, ‘GREEN’, ‘BLUE,’ and 

‘YELLOW’, were written in black. During congruent trials, the color words in the top row were 

written in a congruent color, while during the incongruent trials, they were printed in a 

different color.    
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Figure 3.1. Examples of the color–word matching Stroop task, including the neutral (the left column), 

congruent (the middle column) and incongruent (the right column) trials. Image taken from S. Zysset et 

al. [67] (Reprinted by permission from Elsevier).  

 

 

    Their NIRS results showed that there is a stronger brain activity in the lateral prefrontal 

cortex bilaterally during incongruent trails compared to congruent and neutral trials, which 

means more increase in [HbO2] and [HbT] and more decrease in [HbR].   

 

3.1.3 Other Cognitive tasks in NIRS studies 

    M. Tanida et al. investigated asymmetry of the prefrontal cortex activity during mental 

arithmetic (MA) task, and compared changes in blood oxygenation with heart rate (HR) changes 

[68]. For the MA task, subjects were asked to subtract a 2-digit number from a 4- digit number 

(such as 1345-11) serially. They observed increase in [HbO2] and [HbT] and decrease in [HbR] 

during the MA task (in both hemispheres) in all 16 healthy subjects, while half of the subjects 

showed large HR increases (high-HR group) and the rest of them had small HR increases (low-
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HR group). Interestingly they found that in the high-HR group [HbO2] and [HbT] increases in 

right hemisphere were larger than those in left hemisphere, while in the low-HR group this 

laterality was the opposite. They also observed significant positive correlations between HR 

changes and the laterality ratio scores of [HbO2] and [HbT]. These results indicate the greater 

role of the right prefrontal cortex activity in cerebral regulation of HR by decreasing 

parasympathetic effects or increasing sympathetic effects, during the MA task [68]. 

    Some EEG and neuroimaging studies [69, 70] reported that during unpleasant emotional 

stimuli, greater activation of right frontal cortex was associated with increases in HR or blood 

pressure. This indicates that during stress-inducing mental tasks the right frontal cortex 

dominates sympathetic activity. However, other studies have shown contradictory results [71, 

72].  

     S. D. Power et al. used NIRS measurements of prefrontal cortex to classify between 

hemodynamic response of mental arithmetic and music imagery tasks, as a two-choice NIRS-

Brain-Computer Interface (BCI) paradigm [2]. Their good results (with an average accuracy of 

77.2 %) implied that a two-choice NIRS-BCI based on cognitive tasks has the potential to be 

used as an alternative to that based on motor tasks.  

    Many NIRS studies have been conducted to monitor brain functional activity during mental 

calculation. C. Hock et al. studied the effect of aging on hemodynamic response during 

performing mental calculation tasks on 12 young subjects and 17 elderly subjects [73]. 

Participants were asked to close their eyes during the task and perform the calculations (e.g. 56 

– 7 =?) aloud. For all subjects, the probe was placed on the left forehead in the Fp2 position, 
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according to the international EEG 10--20 system. During the calculation task, young subjects 

showed an increase in [HbO2] and [HbT] and a decrease in [HbR]. But the increases of [HbO2] 

and [HbT] were significantly lower in elderly subjects and also some of them showed decrease 

in [HbT] during the task. The authors speculated that the decline in frontal activity with aging 

was likely due to a change in brain organization to activate other regions of brain during the 

mental task [58]. The other hypothesis was attenuation of the temporary mismatch between 

oxygen delivery and consumption due to an alteration of neurovascular coupling [58]. An 

important point to consider when using NIRS for calculation tasks is that the difficulty level of 

task should be subject dependent. A study has shown when problem solving is not difficult for 

the subject, no changes in brain activity can be detected by NIRS [74].          

    Izzetoglu et al. used a video game, called the Warship Commander Task (WCT), for the fNIRS 

study in healthy subjects. They found a relationship between cognitive workload, the 

participant’s performance, and changes in blood oxygenation levels in the dorsolateral 

prefrontal cortex [75]. Their results showed an increase in blood oxygenation with the 

increasing task load as long as the participant was attentive and engaged in the task. Also, this 

study demonstrated that when the difficulty level of task was very high and participants broke 

their attention or engagement in the task (the point of overload), the blood oxygenation 

decreased.      

    A. J. Fallgatter et al. investigated the difference between hemodynamic response of left and 

right frontal cortices during performing the continuous performance test (CPT) in 10 healthy 

subjects [76]. Their results showed significantly lower concentration of HbR in the right 
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hemisphere than that in the left hemisphere, suggesting that performing the CPT is commonly 

related to right frontal activation.     

    Since 1998, more than 60 fNIRS studies have been done on infants, children and adults 

carrying out language and speech related tasks to understand cotrical activation measured 

using fNIRS in the brain’s classic language areas [77]. Because NIRS is relatively insensitive to 

motion artifacts, it allows the use of overt speech tasks and the investigation of verbal 

conversation [78]. J. Gervain et al. investigated the origins of language learning abilities in 22 

newborns by testing their ability to learn simple repetition-based structures in experiments 

employing NIRS [79]. They observed greater activation (larger increase in [HbO2]) in the 

temporal and left frontal areas when neonates listened to syllable sequences containing 

immediate repetitions (ABB pattern, such as ‘‘mubaba,’’ ‘‘penana’’) than when they listened to 

random control sequences (ABC pattern, such as ‘‘mubage,’’ ‘‘penaku’’). This fact implies that 

newborns are able to distinguish between the two patterns of syllables, suggesting that there is 

an automatic perceptual mechanism to detect repetitions [79]. The authors, however, did not 

observe any difference between hemodynamic responses of when newborns listened to 

nonadjacent repetitions (ABA pattern, such as ‘‘bamuba,’’ ‘‘napena’’) vs. when they listened to 

the same random sequences. These results suggest a perceptual ability in newborns making 

them sensitive to certain input configurations in the auditory domain, which might facilitate 

later language development [79]. Furthermore, they did not find any difference between ABB 

and ABC patterns in [HbR] analysis, suggesting that [HbO2] is a more sensitive measure than 

[HbR].  
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    G. B. Remijn et al. investigated hemodynamic responses during listening to a 10 s series of 

pure tones in two experiments: judging the rhythm of “streaming” stimuli (active-response 

listening) or listening to the stimuli passively [80]. Their results showed that during active-

response listening [HbO2] increased over the (pre)motor cortices, and [HbO2] increases in the 

right hemisphere were significantly larger compared to those in the left hemisphere. 

Furthermore, they observed significantly greater increases in [HbO2] during active-response 

listening compared to passive listening (over the left hemisphere during the stimulus and over 

both hemispheres after the stimulus). 

    M. Sanefuji et al. conducted a NIRS study to see if brain activation due to the phonological 

strategy of rehearsal and recoding for visual material is larger compared to rehearsal for 

auditory material [81]. Hence, they monitored hemodynamic responses of the left ventrolateral 

prefrontal cortex (VLPFC) in children from 5 to 11 years of age, during free recall of familiar 

objects presented visually or auditorily. Their results showed a significant positive correlation of 

the activation difference between visual material and auditory material in the left VLPFC with 

memory ability but not with age. This implies more utilization of phonological strategy for 

pictures, in children with high memory ability [81]. Furthermore, their findings suggested 

gradual shift of the strategy in short-term memory for pictures from non-phonological to 

phonological, as memory ability increases in childhood [81]. Near-infrared spectroscopy is a 

great method for monitoring of pediatric populations, since it is hard to test them using fMRI or 

MEG. R. N. Aslin, in his review, discussed findings of many fNIRS studies conducted on human 

infants, ranging in age from birth to 12 months of age [82].  
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    G. B. Remijn et al. studied the difference between hemodynamic responses of children and 

adults to watching epochs of static and motion pictures extracted from TV programs [83]. They 

did NIRS measurements in 19 adults and 19 preschool children (aged 3–4 years old). They did 

not observe any significant increases in [HbO2] or [HbR] in adults’ striate and middle temporal 

areas during visual motion nor static stimuli. However, their results for children showed that 

[HbO2] increased significantly over striate, middle temporal and temporo-parietal areas during 

visual motion stimuli, and also over striate and left middle temporal areas in response to static 

stimuli.   

    R. Holtzer et al. used NIRS to compare oxygenation changes in the prefrontal cortex (PFC) 

during walking while talking (WWT) with normal pace walking (NW) in 11 young and 11 old 

participants [84]. They observed greater activity (larger increase in [HbO2]) in PFC during WWT 

compared to NW, in both groups of subjects. Furthermore, the [HbO2] increase during WWT as 

compared with NW was larger in young subjects than in old subjects. These results might imply 

under-utilization of the PFC in attention-demanding locomotion tasks in older adults [84].   

      

3.2 Motor task in NIRS studies 

    In NIRS studies that monitor brain activation on areas other than prefrontal cortex, hair is a 

big problem since it obstructs the light. B. Khan et al. proposed a new brush optode to improve 

the optical contact with the scalp [85]. They compared the results of novel brush optodes with 

conventional flat optodes during finger tapping task. Based on their results, the novel brush 
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optodes improved the SNR of activity signals by up to a factor of 10 and also the detected area 

of activation was significantly increased. However, M. Kiguchi et al. in 2012 for the first time 

developed a wearable NIRS-based optical topography system for monitoring of brain activity 

including regions covered by hair [86]. This work was to complete their previous wearable 

optical topography system, which covered only the forehead [87]. They used rubber teeth and a 

glass rod in order to clear away hair and make better contact with the scalp. They used two 

laser diodes (LDs) 754 and 830 nm, both closely mounted in a TO-56 CAN package. Also, for 

monitoring of the LD powers and calibrating APD output, they mounted a monitor PD at the 

rear side of the LDs in the CAN. The authors observed the activity in motor cortex during finger 

tapping task. 

    M. M. Plichta et al. investigated the retest reliability of event-related fNIRS during periodic 

checkerboard stimulation in the occipital cortex, with the retest interval of 3 weeks [88]. They 

gained good reliability and excellent reproducibility at the group level, but they achieved 

mediocre results at the single subject level. In a subsequent study, the same group assessed the 

retest reliability of motor cortex activation detected by fNIRS during periodically performed 

right and left index finger tapping task [89]. Again, they chose 3 weeks as their retest interval. 

Their results suggested excellent reproducibility of sensorimotor activation assessed by event-

related fNIRS, at the group level. Interestingly, the authors also found that changes in [HbR] are 

more sensitive to local hemodynamic changes than changes in [HbO2]. 

     M. A. Franceschini et al. investigated the hemodynamic evoked response to voluntary and 

nonvoluntary stimuli, including unilateral finger opposition task (touching the thumb with the 
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index and middle finger), finger tactile (an investigator touches the first three fingers of the 

participant), and electrical median nerve stimulation in the human sensorimotor cortex 

(applying 0.2-ms-long current pulses either to the right or left wrist delivered in trains of 10 s at 

a frequency of 4–5 Hz) [90]. Their results showed increase in [HbO2] and decrease in [HbR] at 

the cortical side contralateral to the stimulated side. Furthermore, they found that during 

voluntary motor task, the hemodynamic response was larger compared to the other two 

stimulations. 

    S.C. Wriessnegger et al. used a 24-channel NIRS system to investigate the difference between 

hemodynamic response of movement execution (a simple right and left hand tapping task) and 

kinesthetic movement imagery (imagining the kinesthetic experience of an individually chosen 

unilateral hand movement) in 16 healthy subjects [91]. It has been reported that motor imagery 

activates greatly the same cortical areas that are activated during actual motor execution and 

also, kinesthetic imagery produces stronger activation of motor areas compared to visual 

imagery [91, 92]. In their study, S.C. Wriessnegger et al. observed that [HbO2] increased 

bilaterally during both tasks, but different onset times were found. In the movement imagery 

task, [HbO2] increased almost 2 sec later compared to real movement execution. Also, their 

results showed stronger decrease in [HbR] during motor execution compared to imagery.  

During the execution task, [HbO2] increased stronger in motor areas (MI, SMC) than in 

prefrontal areas (PFC); while during movement imagery, the frontal, central and posterior areas 

were equally activated. These data indicated lower activation of primary motor areas during 

movement imagery than during movement execution. The reason might be less activation of 
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cerebellum during imagery compared to movement execution, since PET studies showed that 

during movement imagery, blood flow in cerebellum decreases [91].     

    R. Zimmermann et al. used fNIRS (in the contralateral primary motor cortex and ventral 

premotor cortex) in a brain-computer interface (BCI) study and applied Hidden Markov models 

(HMM) to classify between motor execution in a finger pinching task and rest state [3]. They 

combined fNIRS data with other physiological measures, including heart rate, breathing rate, 

blood pressure and skin conductance response to improve their classification accuracy.   

    Mental practices in the form of motor imagery can be used in rehabilitation of stroke 

patients, since it has been reported that motor imagery and motor execution share common 

neural networks. M. Mihara et al. investigated efficacy enhancement of mental practice with 

motor imagery by using a real-time and NIRS mediated neurofeedback system [93]. They asked 

21 subjects to perform motor imagery of finger movements and the neurofeedback system 

showed significant activation of the contralateral premotor cortex. Their results suggested that 

motor imagery-related cortical activation could be enhanced by NIRS-mediated neurofeedback. 

Additionally, A. Guilott et al. observed enhanced activation in the lateral premotor cortex of 

subjects with good motor imagery skills but not in subjects who had poor motor imagery skills 

[94].        
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 3.3 NIRS in detecting intracranial hematomas and hemorrhage 

    J. Leon Carrion et al. developed a new handheld device, called Infrascanner, for detection of 

intracranial hematomas in patients with head injury [95]. This device calculates optical density 

(OD) in brain regions by using near-infrared (NIR) light. In situations that there is no CT scan 

available, this portable device can be used for initial examinations of patients with head injury, 

which allows earlier treatment and reduction of secondary injury caused by present and 

delayed hematomas. The principle of hematoma detection is that concentration of hemoglobin 

in the acute hematoma is much more than in the brain tissue (where blood is contained within 

vessels), and thus extravascular blood absorbs more NIRS light than intravascular blood. They 

used a source-detector separation of 4 cm and measured OD for pairs of bilateral brain regions 

(left and right readings for each lobe) and if ∆𝑂𝐷 > 0.2 they consider it as a hematoma 

detection. They used only one wavelength 808 nm for NIR measurements.   

    Also, R. Salonia et al. used InfraScanner as the NIRS monitoring device for detection of 

intracranial hemorrhage (ICH) in children (∆𝑂𝐷 > 0.2 as the ICH detection criterion) [96]. They 

measured NIRS data in four bilaterally different pairs of scalp locations (totally eight locations) 

on 7 normal subjects, 12 subjects with ICH, and 9 subjects with other head abnormalities. The 

authors achieved the sensitivity of 1.0 and specificity of 0.8 at detecting ICH, which means they 

correctly identified all subjects with ICH.      
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3.4 Concurrent fNIRS and fMRI studies 

    Near-infrared spectroscopy has been used in stroke patients to understand brain 

reorganization after motor rehabilitation and NIRS has been reported to be more sensitive than 

fMRI to detect functional brain activity in these patients [35]. DOI data in 6 chronic stroke 

patients and 5 controls during hand grasp tasks showed activation in the contralateral SMC 

(sensorimotor cortices) in both normal subjects (during each hand movement) and stroke 

patients (during unaffected hand movement). Although NIRS has a poor spatial resolution 

compared to fMRI and it measures activities on only superficial cortices, it showed that in 

stroke patients and during hand grasp with affected hand, the ipsilateral SMC activated more 

than the contralateral SMC, while this difference could not be seen in fMRI data. Also, the 

changes of [HbO2] from NIRS were reported to be more sensitive to brain activity detection 

than the BOLD (blood oxygen level dependent) signal of fMRI [35].  

    Oxy-hemoglobin and deoxy-hemoglobin concentrations are the result of interaction between 

regional blood volume, blood flow, and metabolic rate of oxygen consumption, while total 

hemoglobin concentration is a measure of cerebral blood volume. Thus, NIRS is capable of 

distinguishing between blood flow and oxygen consumption changes during brain activation, 

while the fMRI–BOLD signal cannot differentiate between them without acquiring blood flow 

images [50]. It is known that the fMRI–BOLD signal is the result of paramagnetic properties of 

deoxy-hemoglobin, so theoretically there should be a correlation between the BOLD signal and 

the optical deoxy-hemoglobin signal. Studies show stronger correlation between the BOLD 
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signal and HbR compared to HbO2 and HbT [50], which supports the theoretical underpinnings 

of fMRI–BOLD signals.    

    X. Cui et al. compared NIRS and fMRI quantitatively (in both temporal and spatial domains) in 

cognitive tasks [97]. The tasks included finger tapping, go/no-go task (nog) (pushing a button 

when they see specific letters on the screen), and judgment of line orientation task (jlo). Their 

results showed strong correlations between NIRS and fMRI measurements, but NIRS signals had 

significantly lower SNR.        

    M. Guven et al. proposed a dual imaging approach (a hierarchical Bayesian approach) by 

using a priori information provided by a secondary high resolution anatomical imaging 

modality, such as MRI or x-ray, to improve spatial resolution and quantitative accuracy of DOT 

[98].  

    Y. Tong et al. investigated the origin of low frequency oscillations (LFOs), in the range 

0.01~0.1 Hz, in a study by combining NIRS (with high temporal resolution) and fMRI (with high 

spatial resolution) [99]. They evaluated temporal relationships between the LFOs observed at 

different spatial locations in fMRI data and found that the origin of a large percentage of the 

LFOs are independent of the baseline neural activity. The authors suggested that fluctuations in 

the blood flow and hemoglobin oxygenation at a global circulatory system level are the origins 

of the major component of the LFOs. 

    NIRS measurements on the head are sensitive to superficial pial veins located above the 

surface of the cerebral cortex, since these large veins exhibit oxygenation changes due to brain 

activation [100]. L. Gagnon et al. conducted a concurrent NIRS-fMRI study to investigate the 
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contribution of these veins in NIRS data, during finger tapping task [100]. They found that the 

cortical contribution to Δ[HbO2] and Δ[HbR] are equal to 73–79% and 16–22%, respectively, of 

its contribution to Δ[HbT]. Their results implied that change in concentration of total 

hemoglobin is much less sensitive to pial veins contribution and it gives better spatial specificity 

than Δ[HbO2] and Δ[HbR], and thus Δ[HbT] should be used to map brain functional activity.     

    G. Strangman et al. evaluated the amplitude correspondences between NIRS and BOLD-fMRI 

signals, during simple motor task [101]. They expected the strongest correlation between the 

changes in [HbR] and BOLD data, however, the strongest correlation with changes in [HbO2] 

was observed. This might be because of the superior contrast-to-noise ratio for [HbO2] 

compared to [HbR] [101].  

    S. Tak et al. evaluated simultaneous measurements by NIRS and fMRI for early detection or 

monitoring of subcortical vascular dementia (SVD) [102]. SVD is a form of vascular dementia 

from small vessel disease with white matter lesions. Their simultaneous monitoring of 

hemodynamic and metabolic changes in the cortex during a simple motor task showed 

significant decreases in [HbO2], [HbT], BOLD response, CBF, and the cerebral metabolic rate of 

oxygen (CMRO2) in the primary motor and somatosensory cortices of SVD patients, but 

increase in the oxygen extraction fraction compared to healthy control subjects. Furthermore, 

they observed a robust reduction in the ratio of oxygen supply to its utilization in the SVD 

patients, suggesting a loss of metabolic reserve. Their findings imply that there is a pathological 

small vessel compromise in patients with SVD, including an increased vessel stiffness, impaired 

vascular reactivity and neurovascular coupling [102].                          



Chapter 3 – Literature review on NIRS studies  

69 
 

3.5 Short separation NIRS measurements     

    Physiological interferences in the superficial scalp and skull layers and also in brain tissue 

(also called “global interferences” or “systemic interferences”) reduce the sensitivity of NIRS to 

evoked brain activity [103, 104, and 105]. These interferences originate mostly from cardiac 

activity and respiration. It has been shown that the physiological interference in the superficial 

layers is the main effective component of global interference [103]. Hence, a short source-

detector separation can be used to measure hemodynamics of superficial layers. Then, this 

measurement can be used as a reference in adaptive filtering to recover evoked brain activity 

[103, 104, and 105]. Figure 3.2 shows an example of arrangement of optodes for short 

separation NIRS measurement.     

                

 
 

Figure 3.2. Multi-separation probe configuration. The S-D1 measurement from superficial layers is used 
as an estimation of the global interference, which then can be used as a reference for adaptive filtering 

of S-D2 measurement to recover evoked brain activity. Image taken from Q. Zhang et al. [103] 

(Reprinted by permission from SPIE and Q. Zhang).  
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    R. B. Saager et al. proposed to use a second shorter-separation detector (~5 mm instead of 

~30 mm) to measure systemic physiological interference (on the scalp) and subtract it from the 

NIRS signals from 30 mm-separation detectors; they called it corrected near-infrared 

spectroscopy (C-NIRS) [106]., When C-NIRS was employed, [HbO2] increased more significantly 

in 80% of channels and better SNR in 73% of channels was achieved. These data suggested that 

C-NIRS can increase the detection rate of cerebrally-unique responses. Figure 3.3 shows 

configuration of sources and detectors for their shorter-separation measurement.    

     

 
 

Figure 3.3. Optodes configuration with two short-separation measurements. Image taken from R. B. 
Saager et al. [106] (Reprinted by permission from Elsevier).   

 

     L. Gagnon et al. used short source-detector separation (1 cm) to measure physiological 

signals from superficial layers and remove it from longer separation measurements (3 cm) 
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[107]. The authors applied a dynamic Kalman filter estimator in their framework to estimate the 

hemodynamic response and they got better results compared to the static estimator, the 

traditional adaptive filter, and the standard GLM technique. One year later, L. Gagnon et al. 

tried to find out if the location of the short separation channel impacts the performance of 

evoked brain activity detection in NIRS [108]. They found that the systemic physiological 

interference occurring in the superficial layers of the human head is not homogeneous across 

the surface of the scalp, and thus, an increase in the relative distance between the short and 

the long separation channel decreases the improvement obtained by using a short separation 

optode. Their results showed that in order to have an acceptable improvement, the short 

separation channel should not be located farther than 1.5 cm from the long separation 

measurement, and if this distance is more than 2 cm the improvement would be either mild or 

negligible. Knowing this, they could improve the Contrast-to-Noise Ratio (CNR) 50% and 100% 

for HbO2 and HbR, respectively, compared to a standard General Linear Model (GLM) approach 

without using any small separation measurement. In another study, L. Gagnon et al. used two 

short separation measurements close to the standard NIRS channel, one at the source optode 

and one at the detector optode to eliminate systemic interference occurring in the superficial 

layers of the head [109]. This new method reduces the noise more than a single short 

separation measurement. The single and two short separation measurements are able to 

reduce the noise by 33% and 59% in [HbO2], and by 3% and 47% in [HbR], respectively.    
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3.6 Dependency of DPF on different factors 

    In general, as the scattering coefficient increases, the DPF will increase too; but when the 

extinction coefficient increases, the DPF value will decrease (approaching unity as the 

extinction coefficient approaches infinity) [13]. DPF is reported to be age dependent, and it is 

suggested that it is changed with this equation [110]: 

𝐷𝑃𝐹𝐻𝑏𝑂2 = 5.13 + 0.07 × (𝑎𝑔𝑒0.81),                                  

𝐷𝑃𝐹𝐻𝑏𝑅 = 4.67 + 0.062 ×  (𝑎𝑔𝑒0.877).                      (3.1)                

    A. Duncan et al. in 1995 used the phase shift in FD-NIRS to measure DPF values on adult 

head, calf and forearm and also on newborn infant head [111]. They found that DPF is 

wavelength dependent, and also observed a difference in DPF between male and female for 

both the adult arm and leg. One year later, they developed a frequency-domain NIRS system to 

investigate the dependency of DPF on age [112]. They performed the measurements on 283 

subjects of different ages, ranging from 1 to 50 year-old, and at four wavelengths. The 

modulation frequency of FD-NIRS device was 200 MHz and source-detector separation was 4.5 

cm. Based on their results, the relationship between DPF and age at different wavelengths was: 

𝐷𝑃𝐹690 = 5.38 + 0.049 𝐴0.877, 𝐷𝑃𝐹744 = 5.11 + 0.106 𝐴0.723, 𝐷𝑃𝐹807 = 4.99 + 0.067 𝐴0.814, 

𝐷𝑃𝐹832 = 4.67 + 0.062 𝐴0.819, where A is age expressed in years. Also, M. Kohl et al. 

determined the wavelength dependence of DPF [113].    

    Since DPF values are wavelength dependent, it introduces a source of error if we use a 

constant value for both wavelengths to calculate hemoglobin concentration changes. As a 

result of this error, a change in one of the chromophores may mimic a change in the other 
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chromophore, and it is referred to as cross talk [114]. S. Umeyama et al. developed a triple 

wavelength CW-type NIRS instrument to estimate wavelength-dependent optical path length 

ratios, which reduces cross talk in calculation of hemoglobin concentration changes [114]. The 

principle of this method is that two possible estimations of hemoglobin concentration changes 

calculated using three wavelengths (two wavelength pairs) should be identical. Generally, DPF 

is age, gender and wavelength dependent and varies between subjects [38].  

         

3.7 Wavelength selection for NIRS 

    Y. Yamashita et al. evaluated the precision of NIRS measurements for different wavelength 

pairs using seven laser diodes from 664 nm to 848 nm, during finger motor stimulation [115]. 

Their results showed that the 830/664 nm pair gives more precise measurements than 830/782 

nm pair (two times for [HbO2] and six times for [HbR]).  

    H. Sato et al. tried to find the optimal wavelength pair (among 678, 692, 750, and 782 nm) 

with 830 nm [116]. It is known that the two wavelengths should be on opposite sides of the 

isobestic point (803 nm). Theoretically, pairing the shortest wavelength with 830 nm should 

give better sensitivity, since the difference in absorption coefficients of hemoglobin between 

two wavelengths would be larger [116]. Their measurements showed that the 782 nm pairing 

gives the lowest SNR and the 692 nm pairing gives the highest SNR, suggesting that the 

difference in the absorption coefficients of hemoglobin is not the only factor for choosing 
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optimal wavelengths and the optical properties in the measurement area affecting the strength 

of the attenuation data are important too.    

    K. Uludag et al. tried to find the optimum wavelength pair between 610 and 920 nm [117]. 

Based on their results, if both wavelengths are greater than approximately 780 nm the 

measurements give a high cross talk between [HbO2] and [HbR] and low separability, which 

results in noisy concentration data. However, the measurements in which one wavelength is 

smaller than 720 nm and the other one is greater than 730 nm, give low cross talk and high 

separability so that concentration changes can be calculated accurately [38, 117]. Figure 3.4 

depicts recommended wavelength values in different studies for different number of 

wavelengths and chromophores. As it shows, in these studies 2 to 4 chromophores and 2 to 5 

wavelengths are used.      

 

3.8 Signal processing methods for fNIRS 
 

    After many years that researchers have been working in fNIRS field, still there is no standard 

signal processing method for NIRS. However, many signal processing methods have been 

suggested and several toolboxes have been released.  P. H. Koh and his colleagues in University 

College London developed a new MATLAB toolbox, called the fOSA package, to analyze the 

spatially resolved optical signals for optical topography (OT) by applying statistical parametric 

mapping, “SPM" [118]. J. C. Ye et al. proposed a statistical toolbox, called NIRS-SPM, for 

quantitative analysis of NIRS signal, based on the general linear model (GLM) method [119]. 
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This public domain toolbox allows for calculation of activation maps of hemoglobin changes and 

also for the super-resolution localization. Adaptation of the GLM technique for statistical 

parametric mapping in functional imaging was first suggested by K. J. Friston and his colleagues 

in 1995 [120].  

 
    

 
 

Figure 3.4. Recommended wavelength values for different number of wavelengths and chromophores 
used in calculations. Image taken from F. Scholkmann et al. [38] (Reprinted by permission from 

Elsevier).   

 

    M. L. Schroeter et al. suggested GLM and spatially resolved spectral analysis as standard 

statistical approaches for optical imaging data [121]. These approaches have the advantage that 

they are almost independent of the assumed DPF values.  Z. Yuan applied independent 
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components analysis (ICA) to fNIRS data to extract independent components (ICs) of the time-

frequency and spatiotemporal domain [122]. His results showed a good correlation between 

fNIRS and  fMRI data. X. S. Hu et al. proposed an on-line NIRS signal processing method using 

GLM and Kalman estimator [123]. This framework provides the real-time-updating topographic 

brain activation map.   

    M. M. Plichta et al. evaluated the GLM approach for fNIRS measurements in a rapid event-

related paradigm in 15 healthy subjects [124]. For the visual stimulation, subjects were 

presented three differently graded contrasts (high, medium, low) of a flickering checkerboard, 

reversing in contrast at 8 Hz followed by inter-stimulus intervals (ISI) of a uniform gray screen 

(no contrast) of variable duration (ISI=4–9 s, average: 6.5 s). They found that the GLM technique 

is able to detect functional brain activity in the visual cortex with ISI of 4–9 s. Furthermore, by 

comparing the rank order of the GLM amplitude parameters in four different contrast levels, 

they observed that visual cortex activation evoked by highest contrast > moderate contrast > 

lowest contrast > no stimulation.            

    H. Tanaka et al. proposed a new signal processing method (task-related component analysis or 

TRCA) to extract task-related components by a linear weighted sum of multiple time courses, by 

optimizing the weights to maximize inter-block correlations (CorrMax) or covariances (CovMax) 

[125]. In this method, the formulation of the covariance maximization is done by Rayleigh–Ritz 

eigenvalue problem, in which corresponding eigenvectors are considered as task-related 

components. Furthermore, they suggested a new classifier based on eigenvalues to distinguish 

between task-related and -unrelated components. This novel method does not presume any 
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specific time courses (unlike GLMs) and it does not need any arbitrary interpretation of 

components (unlike ICA).    

    A. F. Abdelnour et al. proposed a NIRS data analysis framework using an adaptive (extended) 

Kalman filter and a state–space model based on a canonical general linear model of brain 

activity [126]. In order to remove background physiological signals, they incorporated sinusoids 

with time-varying amplitude and phase in their modelling to account for the specific 

physiological noise contributions from the respiratory, cardiac, and blood pressure (Mayer) 

wave signals. In their study, subjects were instructed to tap the fingers of one of their two 

hands. This framework was able to show the brain activation map online and also classify the 

handedness of the tapping per trial. They modeled the evoked functional response 𝑦𝑘
𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 

as a linear combination of Ns gamma-variant functions: 

                                                   𝑦𝑘
𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 = ∑ Γ𝑛(𝑡 − 𝑆𝑖)𝛽𝑘 ,                              (3.2)

𝑖

 

where Ns is the number of stimuli presented in the experiment and Si is the ith stimulus. The 

systemic physiology was modeled by 

𝑦𝑘
𝑃ℎ𝑦𝑠𝑖𝑜𝑙𝑜𝑔𝑦

= ∑ 𝑎𝑖,𝑘 sin(2𝜋𝑓𝑖𝑡 + 𝜃𝑖,𝑘),   𝑓𝑖 ∈ {0.1𝐻𝑧, 0.25𝐻𝑧, 1𝐻𝑧} .            (3.3)

𝑖

 

They assumed that the evoked functional response, physiological artifacts and measurement 

noise 𝑣𝑘 are additive, and thus they modeled the measured NIRS signals by (GLM method)  

                      𝑦𝑘 = 𝑦𝑘
𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 + 𝑦𝑘

𝑃ℎ𝑦𝑠𝑖𝑜𝑙𝑜𝑔𝑦
+  𝐷𝐶𝑘 +  𝑣𝑘 ,                                 (3.4)  
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where 𝐷𝐶𝑘 is the DC offset in the signal. Finally, they made a state vector of this model 

parameters 

                                     𝑥𝑘 = [𝛽𝑘  𝑎𝑘  𝜃𝑘  𝐷𝐶𝑘]𝑇 ,                                                       (3.5) 

 and estimated them using the extended Kalman filter (EKF). By knowing the parameter 𝛽𝑘, the 

evoked functional response can be obtained. Also, M. Aqil et al. proposed an online adaptive 

algorithm for brain imaging using NIRS [127].  In this method they assumed the measured signal 

at each channel is a linear combination of different known components with unknown 

coefficients, which can be estimated by using the recursive least squares estimation (RLSE) 

method.             

    GLM, which is a standard method for fMRI data analysis, is not very successful in NIRS data 

analysis because of an unknown global trend in NIRS signals due to breathing, cardiac, and 

vasomotion [128]. Hence, K. E. Jang et al. proposed a new detrending algorithm, called wavelet 

minimum description length (Wavelet-MDL), to decompose NIRS signals into global trends, 

hemodynamic signals, and uncorrelated noise components at distinct scales [128]. Their results 

showed that their new detrending algorithm outperforms the conventional approaches.   

    S. G. Diamond et al. proposed a Kalman filter framework to remove the effects of systemic 

cardiovascular regulation from the local dynamics in DOT analysis [129]. In order to model 

physiological components, they also incorporated auxiliary physiological measurements such as 

blood pressure and heart rate in the model.   

    If a subject’s head moves during NIRS measurements, the photodetectors shift and lose 

contact with the skin, which exposes them to ambient light or to light emitted directly from the 
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LEDs (or laser diodes) or to reflected light from the skin [130]. All these exposures corrupt the 

NIRS data. Furthermore, as a result of head movement, the blood could move toward (or away 

from) the monitored region, which increases (or decreases) the amount of oxygen and 

consequently it will increase (or decrease) the measured NIRS signals [130].  The problem with 

motion artifact is that its dynamics are slow, so they can easily be confused with the actual 

hemodynamic response due to functional brain activation [130].        

    Principle component analysis (PCA), spline interpolation, wavelet analysis, and Kalman 

filtering are four commonly used approaches for motion artifact correction [131]. M. Izzetoglu 

et al. proposed a novel algorithm to remove motion artifacts from NIRS measurements based 

on Wiener filtering [130]. The advantage of this method is that in order to estimate the filter 

coefficients, it uses the statistics of the signals and (unlike the adaptive filtering method) it does 

not need additional sensor information.  

    F. C. Robertson et al. used NIRS channels with negligible distance between source and 

detector for motion detection and then they compared five different techniques to remove 

motion artifacts, including two-input recursive least squares (RLS) adaptive filtering, wavelet-

based filtering, ICA, and two-channel and multiple-channel regression [132]. The results showed 

that ICA and multiple-channel regression are the best approaches for motion artifact 

correction.          
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Chapter 4 

 

Instrumentation of the portable CW-NIRS system   

 

 

    In this chapter we explain the hardware design of our CW-NIRS system, which includes 

photodetectors, near-infrared multi-wavelength LEDs, constant current source design, 

switching between LEDs, optode configuration, switching of photodetectors, electrical signal 

amplification, USB connection, and the main (control) board.    

  

4.1 Photodetector 
 

    In this project, we used 8 photodiodes (OPT101 (Fig. 4.1), manufactured by Burr-Brown, 

which is a monolithic photodiode with on-chip single supply amplifier) [133].  
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Figure 4.1. OPT101 photodiode. 

 

OPT101 has many good features making it a great choice for our work [134]: 

 It works with a single supply (+2.7 to +36 V). 

 It has an internal 1MΩ feedback resistor. 

 Its responsivity is high (0.45 A/W in 650 nm). 

 Its bandwidth is wide (14 KHz).   

 Its quiescent current is low (120 µA). 

 It is available in 8-pin DIP and 8-lead Surface-Mount package (SMD).    

    Having these desired features, it can be used in many applications including medical 

instrumentation, laboratory instrumentation, position and proximity sensors, photographic 

analyzers, barcode scanners, smoke detectors, and currency changers [134]. Changes in output 

voltage of the amplifier is linearly related to light intensity and it operates with single-supply, 

which makes it a good choice for battery-operated devices [134]. Since the photodiode and the 

amplifier are integrated on a single chip, there would not be a problem with leakage current 

errors, noise pick-up, and gain peaking due to stray capacitance. Excellent linearity and low dark 
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current can be achieved, since the 0.09 x 0.09 inch photodiode works in the photoconductive 

mode [134]. Also, as it can be seen in Fig. 4.2, this photodiode has the highest responsivity for 

wavelengths in the range of optical window (700 to 900 nm).     

    Photodiodes have many advantages over other photodetectors. Their dynamic range is high 

(in the range of 100 dB), stabilized supply voltages or cooling are not required, and their 

packages are small [38]. Their speed is high (up to 100 MHz), and they are not sensitive to 

magnetic fields or ambient light exposure [38]. On the other hand, photomultiplier tubes 

(PMTs) have several drawbacks. Their supply voltage has to be stabilized due to their gain 

sensitivity to the supply voltage. They are bulky and they are not robust against magnetic fields 

and exposure to ambient light [38]. However, silicon photomultipliers (SiPMs) can be 

considered as an alternative to PMTs.            

 

Figure 4.2. Internal circuit and spectral responsivity of OPT101. Image taken from [134]. 
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4.2 Near infrared light source 
 

    We used three multi-wavelength LEDs (L4*730/4*805/4*850-40Q96-I (Fig. 4.3), 

manufactured by Epitex), with nominal power of 30 mW at 50 mA forward current [135]. Each 

LED consists of 12 chips of AlGaAs LED mounted with AlN heat sink pedestal on TO-5 stem and 

sealed with a flat glass can [135]. These LEDs send three different wavelengths at 730, 805, 850 

nm, in one package [133]. Figure 4.4 shows the pinout of these LEDs.        

 

 

Figure 4.3. Multi-wavelength LED used in our CW-NIRS system.  

 

    In our CW-NIRS system, we used LEDs instead of laser diodes (LDs) because of several 

reasons [28, 38]: 1) LED is a non-coherent and non-collimated light source, and hence it 

provides lower light intensity levels so that it doesn’t harm the skin. 2) It has lower power 

consumption. 3) The semiconductor junction of laser diode produces lots of heat. 4) Laser diode 

is dangerous for the eye.   



Chapter 4 – Instrumentation of the portable CW-NIRS system  

84 
 

 

Figure 4.4. Schematic of multi-wavelength LEDs that we used in our CW-NIRS system. Image taken from 

[135].  

 

4.3 Constant current source design and switching between LEDs 
 

    Since each LED sends two wavelengths in our application, our three LEDs will require 6 

drivers. However, we can design only one current source and then use an analog switch to 

select the LED that we want to drive with the constant current source (see Fig. 4.5). To this end, 

we used two single-pole/single-throw (SPST) analog switches (DG413, manufactured by VISHAY) 

which are precision monolithic quad SPST CMOS analog switches [136]. Figure 4.6 shows its pin 

configuration.    
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    DG413 power consumption is low (0.35 μW) and its speed is high (tON: 110 ns), which make it 

ideal for portable and battery powered applications [136]. When the switches are on, they can 

conduct in both directions, and input voltages up to the supply levels can be blocked when they 

are off [136]. DG413 has four switches; two of them are normally open and two of them are 

normally closed.  Some of features and advantages of DG413 are as follows [136]:    

 Supply voltage up to 44 V. 

 Its analog signal range is ± 15 V  

 Its on-resistance is low - RDS(on): 25 Ω 

 Its switching is fast – tON: 110 ns 

 Its power is very low - PD: 0.35 μW 

 It can be used with single supply  

 Its dynamic range is very wide 

 It has the capability of break-before-make switching action 

 Interfacing is simple  

 

    This switch can be used in many applications including precision automatic test equipment, 

precision data acquisition, communication systems, battery powered systems, and computer 

peripherals [136].     
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Figure 4.5. Switching block diagram for 6 LEDs using only one current source. 

  

 

Figure 4.6. Pin configuration of DG413 analog switch. Image taken from [136]. 
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4.4 Optodes configuration   

    We used an ATMEGA328P-PU to switch between different LEDs and wavelengths (Fig. 4.5). 

Also, it controls the whole board. ATMEGA328P-PU is a 28-pin microcontroller with operating 

voltage of 1.8 to 5.5 V (Fig. 4.7) [137]. Figure 4.8 shows the arrangement of LEDs and 

photodetectors, which was based on a previous design [138]. Using three LEDs and eight 

photodetectors we will have 24 measurements giving 12 channels or voxels (V1 to V12). Figure 

4.9 shows how LEDs are sequentially turned on and off [138]. First, wavelength 730 nm from S1 

(first LED) is turned on and the two other LEDs are turned off. Now we read from four 

photodetectors around S1 giving us the first measurement for V1 to V4. Then, we turn off 

wavelength 730 nm and turn on wavelength 850 nm for S1 and reading from four 

photodetectors D1 to D4 gives us the second measurement for V1 to V4. Next, we turn off both 

wavelengths (all LEDs and all wavelengths are off). After that, we do the same for S2 and the 

four photodetectors around it (D3 to D6) giving two measurements for V5 to V8. Finally, doing 

the same procedure for S3 and D5 to D8 gives us the values for V9 to V12. We continue this to 

measure NIRS data continuously. The duration of each wavelength emission is 10 ms.    

     Currently there is no standard for optodes placement in NIRS, but it has been reported by 

many studies that 3 cm source-detector separation is optimal for NIRS measurements [2]. For 

greater distances the penetration depth is larger but the signal-to-noise ratio (SNR) decreases 

too, such that for distances greater than 5 cm the optical signal would be so weak that it is 

unusable [2]. The source-detector separation in our system is 2.5 cm.   
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Figure 4.7. Pin configuration of ATMEGA328P. Image taken from [137].  

 

 

Figure 4.8. Arrangement of LEDs (S1 to S3) and photodetectors (D1 to D8) in our imaging system. 

Modified image taken from G. Yurtsever et al. [138] (Reprinted by permission from K. Pourrezaei).  
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Figure 4.9. The order of turning on and off two wavelengths from three LEDs in our design. Modified 

Image taken from G. Yurtsever et al. [138] (Reprinted by permission from K. Pourrezaei).     

 

4.5 Switching scheme for photodetectors  

    When one wavelength is on, we read from four photodetectors simultaneously: D1 to D4 for 

S1 and D3 to D6 for S2 and D5 to D8 for S3. In order to switch between photodetectors we used 

two multiplexers (DG409, manufactured by VISHAY) [139]. Figure 4.10 shows pinout of DG409, 

which is a dual 4 channel differential analog multiplexer. The 2-bit binary address (A0, A1) can 

be used to connect one of four inputs to a common dual output [139]. When a channel is ON, it 

can conduct current in both directions, and voltages up to the power supply rails can be 

blocked, when the channel is OFF [139]. The multiplexer can be reset (all switches off) using the 

enable (EN) pin. DG409 is a good choice for battery operated and remote instrumentation 

applications, since its performance is high and its power dissipation is low and it can be used 

with single supply [139]. Features and benefits of DG409 are as follows [139]:    
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 Low on-resistance - RDS(on): 100 Ω 

 Low charge injection - Q: 20 pC 

 Fast transition time – tTRANS: 160 ns 

 Low power – ISUPPLY: 10 μA 

 Single supply capability 

 44 V supply max. rating 

 TTL compatible logic 

 Reduced power consumption 

 Wide supply ranges 

- Single supply: +5 V to 36 V 

- Dual supplies: ± 5 V to ± 20 V 

 

   DG409 has many applications in data acquisition systems, audio signal routing, ATE systems, 

battery powered systems, single supply systems, and medical instrumentation [139].   
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Figure 4.10. Pin configuration of DG409 analog switch. Image taken from [139]. 

 

4.6 Amplification of electrical signals  

    Each photodetector output is amplified and buffered (by Op-Amp) and then low pass filtered 

to remove high pass measurement noise and finally it is read by the analog-to-digital convertor 

(ADC) of the microcontroller (Fig. 4.11). The low pass filter is a simple RC filter with cut-off 

frequency of 884.19 Hz.     

    Since our system is battery operated, we used a single-supply Op-Amp (OP484), which does 

not need negative voltage. OP484 (see Fig. 4.12) is a quad single-supply precision rail-to-rail 

input and output operational amplifier [140]. It operates in the voltage range of 3 V to 36 V (or 

±1.5 V to ±18 V). Applications for these amplifiers include battery operated instrumentation, 

portable telecommunications equipment, power supply control and protection, and use as 
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amplifiers or buffers for transducers [140]. 14-lead PDIP and 14-lead, SOIC packages are 

available for quad OP484. Features of OP484 are [140]:  

 It provides single-supply operation 

 Its bandwidth is wide (4 MHz) 

 Its offset voltage is low (65 μV)  

 Its Unity-gain is stable  

 Its slew rate is high (4.0 V/μs)  

 Its noise level is very low (3.9 nV/√Hz) 

 

 

Figure 4.11. Configuration of reading from 8 photodetectors. Modified Image taken from G. Yurtsever 

et al. [138] (Reprinted by permission from K. Pourrezaei).    
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Figure 4.12. Pin configuration of OP484. Image taken from [140]. 

 

4.7 USB connection 

    In order to record the NIRS measurements, the microcontroller sends the measurement 

values (read from ADCs) to FT232R and then it sends them to a PC or laptop using a USB cable. 

FT232R (Fig. 4.13) is a USB to serial UART interface. Features of FT232R are as follows [141]: 

 There is no need for USB specific firmware programming, since the entire USB protocol 

is handled on the chip.  

 It provides data transfer rates from 300 baud to 3 M baud (RS422, RS485, and RS232) at 

TTL levels.  

 High data throughput can be achieved, since it uses 128 byte receive buffer and 256 

byte transmit buffer. 

 7 or 8 data bits, 1 or 2 stop bits and odd / even / mark / space / no parity is provided 

with UART interface.  
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 Different USB configurations including bus powered, self-powered and high-power bus 

powered are supported.  

 A +3.3 V level convertor has been integrated on the chip for USB I/O. 

 There is no need for external filtering, since AVCC supply filtering is integrated. 

 It provides single supply operation from +3.3V (when an external oscillator is used) to 

+5.25V (when the internal oscillator is used) Single Supply Operation. 

 It is compatible with USB 2.0. 

 

Figure 4.14 shows how FT232 is used as the USB to microcontroller UART interface.  

  

 

Figure 4.13. FT232R the USB to serial UART interface. Image taken from [141].  
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Figure 4.14. Using FT232R as the USB to microcontroller UART interface. Image taken from [141]. 

 

4.8 Hardware of our CW-NIRS system 

    Figure 4.15 shows the main board that controls the CW-NIRS system. Figure 4.16 shows 

placement of optodes on a flexible PCB in our CW-NIRS system. As it was previously mentioned, 

our imaging system is battery operated and we used a rechargeable 3800mAh Li-ion 12V 

battery pack (Fig. 4.17).     
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Figure 4.15. The main (control) board of our CW-NIRS system. 

 

Figure 4.16. Placement of LEDs and photodiodes on a flexible PCB. 
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Figure 4.17. Rechargeable 3800mAh Li-ion 12V battery pack that we used for our CW-NIRS system.
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Chapter 5 

 

Software development  

 

 

    In this chapter we introduce the software that we developed in MATLAB for near-infrared 

spectroscopy and imaging. Here we explain different sections of our software GUI (Graphical 

User Interface) which is shown in Fig. 5.1.  
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Figure 5.1. The software we developed for functional near infrared spectroscopy and imaging.   

 

 

 5.1 Imaging section 
 

    In the imaging section (located at the top of the window) we can do image reconstruction of 

brain functional activities. In the “Type of Hemoglobin” subsection there are three radio 

buttons: HbO2, HbR, and Total Hb. Choosing these three options will result in image 
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reconstruction for oxygenated hemoglobin, deoxygenated hemoglobin, and total hemoglobin 

concentration changes, respectively. In “Image Reconstruction Method” subsection, there is 

pop-up menu in which we can choose between two methods for image reconstruction: Nearest 

neighbor and Linear interpolation.    

    In the Linear interpolation method we used linear interpolation of our 12 measurements to 

divide the resulting image into a 6×26 matrix to depict videos of brain activity. Therefore, 

because functional brain activity was recorded over a 2.1×9.2 cm2 area of the prefrontal cortex, 

the pixel size will be 3.5mm × 3.5mm (where the size of each pixel is based on the linear 

interpolation of adjacent NIRS measurements). Since brain activity is spatially correlated, we 

break down data of each voxel (channel) into a few smaller pixel values in order to better 

monitor the hemodynamic changes [118].    

     For the Nearest neighbor method we used the technique used in [142] for image 

reconstruction. In this method the readings from no more than three source-detector pairs are 

linearly combined to give a pixel value. For linear combination of two readings the weights are 

(3/4, 1/4). In this case, the measurement with a bigger weight is shown boldface in the matrix 

of Fig. 5.2. For linear combination of three readings the weights are (1/2, 1/4, 1/4,), in which 

the reading with the higher weight is shown boldface. This method gives an 8×24 matrix and it 

gives videos of the functional brain activity recorded on a 2.1×9.2 cm2 area of the prefrontal 

cortex.  Hence, each pixel size is 2.6mm × 3.8mm.      
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Figure 5.2. Back projection scheme used for image reconstruction in the “Nearest neighbor” method. 

The numbers in each pixel indicate the corresponding channels used for linear combination. The channel 

with larger weight is shown in boldface. 
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       Our CW-NIRS system provides 2D images. However, overlapping measurements, in which 

several source-detector distances are measured simultaneously, enable reconstruction of 3D 

images (tomographic images) [38].  

 

5.2 Monitoring of changes in [HbO2], [HbR], and [HbT] 
 

    In this section, there is a pop-up menu (“Channel No.”) which can be used to select the 

channel for which we want to see the changes in [HbO2], [HbR], and [HbT]. Also, there are 

three checkboxes under it and by checking them we can choose to see changes in 

concentration of different hemoglobin types. The hemoglobin changes will show up in the axes 

on the left side.  

    In our CW-NIRS system we use LEDs with two wavelengths, 730 nm and 850 nm. The DPF 

values are 5.0055 and 4.6564 for 730 nm and 850 nm, respectively [28]. The extinction 

coefficients for oxyhemoglobin at 730 nm and 850 nm are 0.4383 and 1.1596, respectively, and 

for deoxyhemoglobin are 1.3029 and 0.7861 at 730 nm and 850 nm, respectively [28]. Also, the 

source-detector distance is d=2.5 cm. Thus we can write  

[
∆𝑂𝐷730

∆𝑂𝐷850
] = 𝑑 ∗ [

𝜀𝐻𝑏𝑂2,730 ∗ 𝐷𝑃𝐹730           𝜀𝐻𝑏,730 ∗ 𝐷𝑃𝐹730

𝜀𝐻𝑏𝑂2,850 ∗ 𝐷𝑃𝐹850           𝜀𝐻𝑏,850 ∗ 𝐷𝑃𝐹850
] [

∆[𝐻𝑏𝑂2]

∆[𝐻𝑏]
].                (5.1) 

If we substitute the coefficients we will get 

[
∆𝑂𝐷730

∆𝑂𝐷850
] = [

5.4848           16.3042

13.4989           9.1510
] [

∆[𝐻𝑏𝑂2]

∆[𝐻𝑏]
] ,                    (5.2) 
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[
∆[𝐻𝑏𝑂2]

∆[𝐻𝑏]
] =  [

5.4848           16.3042

13.4989           9.1510
]

−1

[
∆𝑂𝐷730

∆𝑂𝐷850
] ,               (5.3) 

 

[
∆[𝐻𝑏𝑂2]

∆[𝐻𝑏]
] =  [

−0.0539           0.0960

0.0795          − 0.0323
] [

∆𝑂𝐷730

∆𝑂𝐷850
] ,                 (5.4) 

 

where ∆𝑂𝐷730 = −𝑙𝑜𝑔10(
𝐼𝐴,730

𝐼𝐵,730
⁄ )  and ∆𝑂𝐷850 = −𝑙𝑜𝑔10(

𝐼𝐴,850
𝐼𝐵,850

⁄ ). Also, 𝐼𝐴,730 is the 

intensity of detected light at time t2 (activity time) and 𝐼𝐵,730 is the intensity of detected light at 

time t1 (baseline or resting time) for wavelength 730 nm. 𝐼𝐴,850 is the intensity of detected light 

at time t2 (activity time) and 𝐼𝐵,850 is the intensity of detected light at time t1 (baseline or 

resting time) for wavelength 850 nm.         

 

5.3 Bandpass filtering 
 

    In this section we can choose the lowest possible frequency (“LPF(Hz)” box) and the highest 

possible frequency (“HPF(Hz)” box ) of the band pass filter to smooth the signal and extract 

functional brain activities.  

 

5.4 Settings  
 

    By checking the “Raw signals” checkbox in this section, band pass filtering will not be applied 

to signals and the raw signals will be shown. By checking the “Show all channels” checkbox, all 
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12 channels can be seen in two separate figures (i.e., the first 6 channels in one figure and the 

rest of them in another figure). The value in “Baseline time (sec)” box determines that what the 

length of baseline is (in seconds). The baseline is the beginning of the recorded signal and 

changes in concentration of hemoglobin are calculated compared to this baseline. The value in 

“Sampling Frequency (Hz)” box is the sampling frequency shown in the serial monitoring 

software. The sampling frequency of our CW-NIRS system is 15 Hz. It should be noted that 

every time we change settings, we have to press the “Update” button to see new results.    

 

5.5 Statistical analysis 
 

    In the “Excluded Channels” box we can exclude those channels that have missing data from 

the statistical analysis. The value in “End of rest time (sec)” box determines the duration of rest 

state and the value in “End of activity time (sec)” box determines the time when performing the 

task is finished. The value in “Averaging window length (sec)” box is the length of window used 

for smoothing the signal with a moving average method. The value in “Averaging window shift 

(sec)” box determines how much the window shifts in moving average filtering. There is a 

“Stats” button under this section, which should be pushed to see the statistical analysis results, 

which is shown in Fig. 5.3.  

    The “P-value” column shows significance level of the difference between rest and task states 

calculated by paired t-test. The “Activity delay (sec)” column shows the time delay between the 

beginning of task and the time when [HbO2] begins to increase. The “Noise Level” column 
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provides the level of noise in NIRS signals. In order to quantify the high-frequency noise level in 

the NIRS signals, we applied high-pass filtering to the data of each channel with cut-off 

frequency of 2 Hz to remove hemodynamic components and then we calculated variance of the 

remaining signal as an indicator of the noise level [97].   

The “CNR” column gives the contrast-to-noise ratios. In fact, in order to quantify the signal-to-

noise ratio (SNR) in NIRS data, we used CNR [97, 143] defined by 

                  𝐶𝑁𝑅 =
𝑚𝑒𝑎𝑛(𝑎𝑐𝑡) − 𝑚𝑒𝑎𝑛(𝑟𝑒𝑠𝑡)

√𝑣𝑎𝑟(𝑎𝑐𝑡) + 𝑣𝑎𝑟(𝑟𝑒𝑠𝑡)
  ,                                 (5.5) 

where the term “rest” refers to signal 0-60 s before the onset of task and the term “act” refers 

to signal from t_delay to 120 s (for VFT) or t_delay to 40 s (for CDT) after the beginning of task, 

considering the hemodynamic delay. t_delay for each channel can be found in the “Activity 

delay (sec)” column.       

   The two rows at the bottom show how significant is the difference between changes in 

[HbO2] of right hemisphere and that of left hemisphere in rest and task states, respectively (p 

values from paired t-test). To this end, we calculate the mean value of rest state for each 

channel and then run paired t-test for channels 1 to 6 as left hemisphere (6 values) and 

channels 7 to 12 as right hemisphere (6 values). We do the same for task state.      
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Figure 5.3. The result of statistical analysis shown in command window of MATLAB.   

   

      

5.6 Directory selection 

    In this section there is a button, “open”, to select the directory of recorded NIRS data. Our 

CW-NIRS system records hemodynamic signals in a text file. 
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Evaluation of the CW-NIRS system with cognitive tasks  

 

 

     Based on fMRI studies, both increase in [HbO2] and decrease in [HbR] are related to cortical 

activation since they correspond to regional cerebral blood flow (rCBF). It has been reported 

that [HbR] data have smaller SNR than [HbO2] data, and, thus, [HbO2] changes have a stronger 

correlation with rCBF data [54].      

    The time courses of hemodynamic brain signals are very slow (i.e., in the frequency range of 

0.06–0.16 Hz) [28]. Other interferences such as respiration, arterial pulsations and motion 

artifacts corrupt the signal corresponding to hemodynamic response. Favorably, these artifacts 

have a higher frequency range than hemodynamic signals. Hence, a low-pass filter with cut-off 

frequency of 0.2 Hz will clear the signal [28]. Therefore, in all the following sections we low-pass 

filtered NIRS signals with cut-off frequency of 0.2 Hz. Furthermore, in order to prevent phase 

distortion, we applied forward and reverse filtering [144]. Figure 6.1 shows a typical 

hemodynamic response to brain functional activity [145].     



Chapter 6 – Evaluation of the CW-NIRS system with cognitive tasks    

108 
 

    In this chapter we describe the cognitive tasks we have used to evaluate the ability of the 

designed near infrared imaging system to detect functional brain activities. The first cognitive 

task was the verbal fluency task (VFT) and the second test was the color distinction task (CDT). 

  

 
 

Figure 6.1. Changes in [HbO2] and [HbR] when the brain is activated and restored to the original state. 

Image taken from H. Tsunashima et al. [145] (Reprinted by permission from P. Bright). 

 

6.1 Evaluation of the CW-NIRS system by Verbal Fluency task in healthy subjects  

6.1.1 Subjects  

    Nine healthy volunteers (24 ± 3 year-old; all males and highly educated; both right handed 

and left handed) participated in this study after they signed a written informed consent form. 



Chapter 6 – Evaluation of the CW-NIRS system with cognitive tasks    

109 
 

All participants had normal or corrected-to-normal vision, no color vision deficiency; no history 

of neuropsychiatric illness and were free of medication. Some subjects were native English 

speakers, while others were international students; however, all were fluent in both written 

and spoken English. We discuss the tests and our results in the following sections.    

6.1.2 Verbal Fluency task 

    In this test (VFT used in [62]), first, subjects were asked to close their eyes and recite the 

alphabet slowly to stabilize the prefrontal activity [2] for two minutes as the rest state. Then, 

we asked them to open their eyes to see a letter on the laptop screen and to say as many words 

as they can remember beginning with that letter (Fig. 6.2). The letter changes every 20 seconds 

and we used six letters including “F”, “A”, “S”, “P”, “G”, and “R” in order. After two minutes of 

verbal fluency task we asked subjects to close their eyes again, try to not think about anything 

and recite the alphabet slowly as the rest state for two minutes.   

 
 

Figure 6.2. The software that we developed in MATLAB for verbal fluency task.  

http://en.wikipedia.org/wiki/Color_vision
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Figure 6.3. Changes in [HbO2] in response to VFT for 12 channels (for one subject).  
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6.1.3 Results and Discussion 

    Figure 6.3 shows the hemodynamic response of one subject. It should be noted that we used 

the first one minute of the first rest state as baseline and changes are calculated relative to its 

mean value. As can be seen in Fig. 6.3, in the first rest state (from 0 to 60 sec) the [HbO2] 

signals fluctuate around zero. As the task begins (at 60 sec), all signals increase after a small 

delay and reach their maximum value at the end of the task (at 180 sec). Conversely, when the 

subject closes his eyes during the second rest state (from 180 to 300 sec), the signals begin to 

rapidly decrease toward the baseline. We show only changes in [HbO2] because these changes 

are more sensitive to brain functional activation and have a higher SNR compared with changes 

in [HbR] or [HbT]. 

    Figure 6.4 shows the hemodynamic response to VFT for a typical channel. From 0 to 60 sec 

(the first rest state) all three signals are around zero and once the cognitive task begins at 60 

sec, both [HbO2] and [HbT] increase while [HbR] decreases until 180 sec. Then, for the second 

rest state (from 180 to 300 sec), all three signals converge toward zero again to reach the 

baseline. 

    Figures 6.5 and 6.6 show the grand average results in response to VFT. To calculate the grand 

average signals, we averaged the signals from all 9 subjects for each channel. But first we 

normalized all signals to [-1, +1]. Tables 6.1, 6.2, and 6.3 show p values, activity delay, and CNR 

values for changes in [HbO2], [HbR], and [HbT], respectively. p values show how significant the 

difference is between hemodynamic signal of rest state and that of task state for each channel. 

Activity delay gives the time delay between the beginning of task and the time when 
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hemodynamic signals begin to increase (in case of [HbO2] and [HbT]) or decrease (in case of 

[HbR]). CNR values quantify contrast to noise ratios. Table 6.4 shows the significance level of 

difference between hemodynamic response of left and right hemispheres in rest and task 

states. To this end, first we calculated the mean signal (average over channels 1 to 6) for left 

hemisphere and the mean signal (average over channels 7 to 12) for right hemisphere, for all 9 

subjects. After that, we calculated mean values of rest state for each subject and each 

hemisphere and then ran paired t-tests between 9 subjects. We then performed the same 

calculations for task state.         

 

             

 
 

Figure 6.4. Changes in concentration of oxygenated (red), deoxygenated (blue) and total hemoglobin 
(green) of a subject for one channel and in response to VFT.    
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Figure 6.5. Grand average results for changes in concentration of oxygenated (red), deoxygenated (blue) 
and total hemoglobin (green) over 9 subjects during the VFT – left hemisphere (channels 1 to 6).          
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Figure 6.6. Grand average results for changes in concentration of oxygenated (red), deoxygenated (blue) 
and total hemoglobin (green) over 9 subjects during the VFT – right hemisphere (channels 7 to 12). 
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Table 6.1. Result of statistical analysis for changes in [HbO2] in VFT.  
  

Channel No. P value Activity delay (sec) CNR 

1 7.88e-32 6.08 2.40 

2 7.11e-37 3.52 3.98 

3 9.93e-34 5.47 2.61 

4 5.98e-36 3.65 3.57 

5 5.66e-34 5.00 2.33 

6 7.41e-37 3.92 3.02 

7 3.38e-32 28.44 2.85 

8 1.14e-31 3.65 3.04 

9 6.41e-20 5.54 1.96 

10 6.06e-31 4.06 3.28 

11 3.56e-26 5.00 2.23 

12 1.49e-29 4.66 3.26 

 
 
 
 
 
 

Table 6.2. Result of statistical analysis for changes in [HbR] in VFT.  
  

Channel No. P value Activity delay (sec) CNR 

1 1.35e-40 0.08 2.63 

2 3.71e-40 13.76 2.87 

3 1.55e-25 11.13 2.73 

4 2.12e-39 19.01 2.33 

5 2.06e-42 9.65 3.21 

6 1.71e-26 13.96 1.72 

7 1.76e-18 10.25 2.01 

8 2.82e-23 13.49 1.81 

9 4.93e-12 11.60 1.48 

10 2.83e-40 14.23 2.07 

11 4.69e-01 21.57 0.32 

12 9.74e-26 21.03 2.20  
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Table 6.3. Result of statistical analysis for changes in [HbT] in VFT.  
  

Channel No. P value Activity delay (sec) CNR 

1 1.25e-35 28.24 3.29 

2 2.37e-39 3.52 4.28 

3 5.25e-30 5.40 2.43 

4 9.93e-38 3.59 3.76 

5 1.18e-37 29.11 3.14 

6 3.54e-36 3.79 3.02 

7 1.79e-33 33.36 3.12 

8 1.27e-28 3.52 2.84 

9 3.02e-16 5.34 1.86 

10 7.52e-32 3.99 3.45 

11 5.68e-25 4.93 2.15 

12 6.77e-33 4.46  3.66 

 
 
 
  

Table 6.4. P values for difference between functional brain activities of left and right hemispheres in 

both rest and task states and for VFT. 

Activity state [HbO2] [HbR] [HbT] 

Rest 7.96e-02 4.37e-01 2.03e-01 

Task 9.88e-02 4.82e-01 4.85e-01 
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6.2 Evaluation of the CW-NIRS system by Color distinction task in healthy subjects 

6.2.1 Subjects  

    Five healthy volunteers (24 ± 3 year-old; all males and high educated; both right handed and 

left handed) participated in this study after they signed a written informed consent form. All 

participants had normal or corrected-to-normal vision, no color vision deficiency, no history of 

neuropsychiatric illness, and they were free of any medication.  

 

6.2.2 Color distinction task 

    The CDT used in our experiments was a version of the Stroop color-word task [146], which is 

also known as the “Naming color of word test where the color of the print and the word are 

different” (NCWd). In this test, subjects were first asked to close their eyes and recite the 

alphabet slowly to stabilize the prefrontal activity [2] for two minutes as the rest state. Then, 

subjects were instructed to open their eyes and view the task window on a laptop screen (Fig. 

6.7). The task window had seven names of colors. At top of the window there was a box with a 

color’s name written in it. Subjects were instructed to say the true color’s name of the text in 

the box (regardless of what was written). For example, in Fig. 6.7 in the box at the top is written 

“White” but its true color is blue; the participant is expected to say “blue”, while the written 

“white” interferes with saying the word “blue”. After 40 seconds of color distinction task, the 

participants were instructed to close their eyes again, try to not think about anything and recite 

the alphabet slowly as the rest state (for two minutes). Similar to our experiment routine for 

http://en.wikipedia.org/wiki/Color_vision
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verbal fluency task, we used the first one minute of the first rest state as baseline, and changes 

were calculated relative to its mean value.    

 

 
 

Figure 6.7. The software developed in MATLAB for color distinction task.  
 
  

  

6.2.3 Results and Discussion 

    Figures 6.8 and 6.9 show the hemodynamic response for one subject. As can be seen, in the 

first rest state (from 0 to 60 sec) the [HbO2] signals are around zero; but as the task begins (at 

60 sec) after a small delay they all start to increase up to 100 sec; and after the task state (from 

60 to 100 sec), when the subject closes his eyes, signals begin to decrease toward the baseline 

during the second rest state (from 100 to 240 sec).   
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    Figures 6.10 and 6.11 show the grand average results for hemodynamic response to CDT. 

From 0 to 60 sec (the first rest state) all three signals are around zero and once the cognitive 

task begins at 60 sec both [HbO2] and [HbT] increase while [HbR] decreases. To calculate the 

grand average signals, we averaged the signals from 5 subjects for each channel after 

normalizing them to [-1, +1]. Table 6.5, 6.6, and 6.7 show p values, activity delay, and CNR 

values for changes in [HbO2], [HbR], and [HbT], respectively. p values, activity delay, and CNR 

values have the same definitions as in the VFT. Table 6.8 shows the significance level of 

difference between hemodynamic response of left and right hemispheres in rest and task states 

for CDT. To this end, first we calculated the mean signal (average over channels 1 to 6) for left 

hemisphere and the mean signal (average over channels 7 to 12) for right hemisphere, for all of 

5 subjects. After that, we calculated mean values during the rest state for each subject and 

each hemisphere and then ran paired t-tests between 5 subjects. We then performed the same 

calculations for task state.          
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Figure 6.8. Changes in concentration of oxygenated hemoglobin for one subjects in CDT and for left 
hemisphere (channels 1 to 6).          
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Figure 6.9. Changes in concentration of oxygenated hemoglobin for one subjects in CDT and for right 
hemisphere (channels 7 to 12).          
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Figure 6.10. Grand average results for changes in concentration of oxygenated (red), deoxygenated 
(blue) and total hemoglobin (green) over 5 subjects during the CDT – left hemisphere (channels 1 to 6).          
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Figure 6.11. Grand average results for changes in concentration of oxygenated (red), deoxygenated 

(blue) and total hemoglobin (green) over 5 subjects during the CDT – right hemisphere (channels 7 to 

12).    
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Table 6.5. Result of statistical analysis for changes in [HbO2] in CDT.   
  

Channel No. P value Activity delay (sec) CNR 

1 8.54e-18 0.08 2.44 

2 3.04e-18 0.08 2.47 

3 2.95e-25 0.08 3.27 

4 5.15e-21 0.08 2.77 

5 5.11e-26 0.08 3.15 

6 2.20e-20 0.08 2.82 

7 7.85e-28 0.08 3.41 

8 1.71e-24 0.08 3.55 

9 4.47e-26 0.08 3.44 

10 6.22e-19 0.08 2.84 

11 6.99e-20 0.08 2.72 

12 2.60e-16 4.26 2.74 

 
 

 

 
 

Table 6.6. Result of statistical analysis for changes in [HbR] in CDT.    
  

Channel No. P value Activity delay (sec) CNR 

1 1.16e-24 1.63 3.94 

2 9.95e-11 25.75 1.86 

3 1.06e-24 1.09 3.43 

4 6.64e-20 8.30 2.38 

5 1.05e-24 8.84 2.33 

6 1.90e-14 8.77 1.51 

7 1.97e-16 8.64 1.95 

8 2.10e-18 3.45 2.66 

9 2.73e-15 8.50 2.26 

10 3.04e-20 2.58 2.35 

11 3.91e-20 7.90 3.55 

12 1.41e-32 0.89 2.96 
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Table 6.7. Result of statistical analysis for changes in [HbT] in CDT.  

  

Channel No. P value Activity delay (sec) CNR 

1 6.81e-14 0.28 1.79 

2 4.73e-17 0.15 2.37 

3 7.16e-21 0.08 2.39 

4 1.44e-19 0.08 2.66 

5 8.06e-19 1.23 2.20 

6 1.69e-18 0.08 2.54 

7 4.32e-22 0.22 2.55 

8 4.89e-23 0.08 3.01 

9 2.48e-24 0.08 2.92 

10 1.73e-17 0.08 2.65 

11 1.64e-19 0.28 2.37 

12 3.65e-15 5.54 2.70 

 
 
 
 
  

Table 6.8. P values for difference between functional brain activities of left and right hemispheres in 

both rest and task states and for CDT. 

Activity state [HbO2] [HbR] [HbT] 

Rest 4.00e-01 9.32e-01 4.27e-01 

Task 1.78e-01 9.95e-01 1.74e-01 
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Chapter 7 

 

Conclusion  
  

 

    In this study we developed a 12-channel continuous wave near-infrared spectroscopy system 

to monitor human’s functional brain activity. The sensors are placed on a flexible PCB, which 

covers the forehead. We also developed software for 2-D image reconstruction using the data 

recorded by our CW-NIRS system.   

    We conducted two cognitive tasks, verbal fluency task (VFT) and color distinction task (CDT), 

to evaluate our fNIRS system. As Figures 6.5 and 6.6 show the grand average results, in the first 

rest state (from 0 to 60 sec) changes in [HbO2], [HbR], and [HbT] are close to the baseline, but 

as the cognitive task begins at 60 sec, both [HbO2] and [HbT] increase and [HbR] decreases, 

which was expected. At the end of the cognitive task, at 180 sec, when subjects close their eyes 

and relax, all signals converge toward zero to reach the baseline. This is consistent with results 

reported in [52, 58, 61, 64, and 65]. The results in Tables 6.1, 6.2, and 6.3 for VFT show that 

changes in concentration of deoxygenated hemoglobin have the lowest CNR and the largest 

time delays among three different types of hemoglobin signals. Changes in [HbO2] and [HbT] 

have almost the same values for CNR, but [HbO2] changes are faster in response to functional 
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brain activity (smaller time delays). Also, it is evident that the difference between 

hemodynamic signals of rest state and those of task state are highly significant (p < 7.1e-24) in 

all 12 channels and for all three hemoglobin signals. As we can see in Table 6.4, there is no 

laterality in the verbal fluency task (with significance level of p < 0.05) in any of the three 

hemoglobin signals, which is congruent with the results reported in [51] and [52].   

   The grand average results for the color distinction task (Figures 6.10 and 6.11) show that in 

the first rest state (from 0 to 60 sec) changes in [HbO2], [HbR], and [HbT] are around zero, but 

as the cognitive task begins at 60 sec both [HbO2] and [HbT] increase and [HbR] decreases until 

100 sec; these results are consistent with the results of the Stroop color-word test reported in 

[42]. The results in Tables 6.5, 6.6, and 6.7 for CDT show that changes in [HbR] has the largest 

time delay among three different types of hemoglobin signals and changes in [HbO2] have 

slightly smaller time delays in response to cognitive task and slightly larger CNR values. Also, it 

is evident that the difference between hemodynamic signals of rest state and those of task 

state are very significant (p < 2.5e-15) in all 12 channels and for all three hemoglobin signals. As 

we can see in Table 6.8, there is no laterality in the color distinction task (with significance level 

of p < 0.05) in any of three hemoglobin signals.  

     In conclusion, we evaluated our CW-NIRS system to measure hemodynamic responses 

during performance of two cognitive tests: the verbal fluency task and the color distinction 

task, in healthy subjects. The results show that our CW-NIRS system is able to detect changes in 

functional brain activities of the prefrontal cortex that are associated with cognitive tasks.   
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7.1 Suggestions for future work 

    We have several suggestions in order to improve our near-infrared imaging system. Our 

suggestions for future work are: 

 Using optical fibers for whole-head monitoring. Even if the subject’s head has hair, 

optical fiber can have a good contact with scalp.   

 Using multi-distance measurements to remove physiological interference. The self-

calibrating approach and the spatially resolved spectroscopy approach can be used for 

this purpose.   

 Using short-separation NIRS measurements in order to use adaptive-filtering for 

systemic interference removal. Short-separation measurements give us noise 

(physiological signal) feedback.  

 Using spatially overlapping (tomographic) measurements to have better spatial 

resolution. This requires more emitters and photodetectors.     
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