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Abstract  
 

 

 

A hyperspectral imaging (HSI) system to measure and quantify in vivo haemody-

namic and metabolic signals from the exposed cerebral cortex of small animals was 

designed, developed and investigated in this thesis. Imaging brain tissue at multiple 

narrow wavelength bands in the visible and near-infrared (NIR) range allows one 

not only to monitor cerebral oxygenation and haemodynamics via mapping of hae-

moglobin concentration changes, but also to directly target the spatial quantification 

of cerebral metabolic activity via measurement of the redox states of mitochondrial 

cytochrome-c-oxidase (CCO). Having both these sets of information in vivo at high 

resolution on the exposed cortex can provide impactful insight on brain physiology 

and can help validate corresponding data acquired non-invasively using broadband 

near-infrared spectroscopy (bNIRS). Several designs and HSI configurations were 

assessed and compared, including different customised benchtop setups. In the end, 

a bespoke spectral-scanning HSI system called hNIR, using a supercontinuum laser 

coupled with a rotating Pellin-Broca prism and a scientific complementary metal-

oxide semiconductor (sCMOS) camera, was built, characterised and validated on 

liquid optical phantoms. In addition, an in-house Monte Carlo (MC) framework for 

simulating HSI of the haemodynamic and metabolic states of the exposed cortex was 

also developed using an open-source MC code package (Mesh-based Monte Carlo) 

and integrated with hNIR, for aiding image reconstruction and enhance quantifica-

tion, as well as to run computational investigations on the performances of HSI for 

brain haemodynamic and metabolic monitoring. hNIR was finally applied in vivo on 

the exposed cerebral cortex of three mice during different levels of hyperoxic and 

hypoxic stimulation, demonstrating its capability to retrieve high resolution and ac-

curate maps of the relative changes in the concentrations of oxyhaemoglobin (HbO2), 

deoxyhaemoglobin (HHb) and the oxidative state of CCO (oxCCO). 
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Impact statement 
 
 

 

 

The novel HSI technology and setup developed in this thesis for in vivo brain im-

aging show the first simultaneous, high-resolution mapping and quantification of 

oxygenation (via haemoglobin) and mitochondrial metabolism (via CCO) in the ex-

posed cerebral cortex of mice. The hNIR system utilises the same technological and 

physical basis of bNIRS (i.e. the analysis of multiple spectral bands in the visible 

and NIR range to target haemoglobin and CCO) and could be used to validate and 

support data obtained non-invasively in vivo on humans using the latter modality. 

hNIR can also be a powerful and versatile imaging device for in vivo preclinical 

research on brain physiology and pathophysiology, whenever it is required to mon-

itor simultaneously brain metabolism and haemodynamics with high resolution and 

specificity, taking the advantage of using a portable, compact and cost-effective 

benchtop instrumentation. Examples of these applications may include the study of 

neuroinflammatory diseases of the nervous system (such as multiple sclerosis) or 

metabolic and/or haemodynamic disfunctions, e.g. iron-deficiency anaemia.  

Furthermore, hNIR could have potential applications beyond neuroimaging and 

monitor different types of tissues and biological processes, including: (1) cancer 

research and detection, via targeting of tumour hypermetabolism and angiogenesis; 

and (2) vascular mapping of the retina, in both animals and humans, producing 

high-resolution images of oxygenation and haemodynamics of the eye. The hyper-

spectral approach of hNIR could also target different chromophores (besides hae-

moglobin and CCO), such a melanin, bilirubin, or even endogenous fluorophores. 

Finally, the MC framework for HSI developed in this thesis constitutes the first 

example of computational tool for simulating biomedical hyperspectral data acqui-

sition and reconstruction and it could be flexibly applied to different imaging sce-

narios and applications, due to its ability to replicate complex target domains from 

two-dimensional (2D) images of a subject acquired in vivo. 
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Introduction 

 
Optical imaging and spectroscopy, such as near-infrared spectroscopy (NIRS), are 

now well-established and commonly used modalities to monitor human brain oxy-

genation and haemodynamics non-invasively at the bedside [1]–[3]. They provide 

good sensitivity to functional changes through the intrinsic haemodynamic contrast 

related to the absorption properties of the two states of haemoglobin, the oxyhae-

moglobin (HbO2) and the deoxyhaemoglobin (HHb). In principle, near-infrared 

(NIR) light can be injected in the head, where it reaches the brain and is mainly 

attenuated by scattering due to discontinuities in tissue structures, as well as via 

absorption by different biological chromophores. The major absorbing brain chro-

mophore in the NIR range (per unit of concentration) is haemoglobin, which has 

oxygen-dependent absorption spectra. Thus, measuring the attenuation of light in-

tensity using at least two different NIR wavelengths offers the capability to monitor 

the oxygenation and haemodynamic responses in the brain [4], [5].  

In addition, the use of broadband light, or at least a light source with a suffi-

ciently large number of contiguous wavelengths, furtherly enables the detection of 

a third cerebral chromophore: cytochrome-c-oxidase (CCO). CCO is the terminal 

electron acceptor in the electron transport chain (ETC) of the mitochondria. It is 

responsible for more than 95% of oxygen metabolism in the brain, as it is essential 

for the efficient generation of adenosine triphosphate (ATP). Hence, monitoring 

this chromophore and the changes in its redox states could add quantitative infor-

mation about the metabolic response of the brain, complementarily to the oxygen-

ation and haemodynamic signals [6]. Such spectroscopic approach to both haemo-

dynamic and metabolic monitoring is called broadband NIRS (bNIRS) and was 

firstly demonstrated by F. Jöbsis in the 1970s [5]. Since then, bNIRS and its use to 
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measure in vivo CCO has become an established and proven methodology both in 

animal studies and in clinical settings [6]. 

Some bNIRS instruments are currently available in hospitals and are clinically 

used in neonatal intensive care units to monitor the brain status of infants with ne-

onatal hypoxic-ischaemic encephalopathy (HIE) during the first hours and days of 

life [7]–[9]. They are also used in neuroscience to map functional activations in 

either healthy individuals or patients affected by traumatic brain injuries (TBI) 

[10]–[12]. Although having both the haemodynamic and the metabolic information 

at the beside is certainly useful to clinicians, extended research is still necessary in 

order to better comprehend the mechanisms related to both the normal functioning 

of the brain and the pathological processes related to the abovementioned brain 

conditions. For such purpose, the use of animal model studies is required, in partic-

ular targeting the exposed cerebral cortex. Indeed, several optical devices have been 

proposed to monitor and image oxygenation and haemodynamics on the cerebral 

cortex with good resolution [13], [14]. However, no instrument is currently able to 

also track and localise the metabolic response on the exposed cortex, based on the 

monitoring of the CCO signal. Having such technology would then enable to inves-

tigate more accurately and extensively the physiological correlations between the 

haemodynamic and metabolic signals acquired with bNIRS in vivo at the bedside. 

 

1.1 Current state of the art 

Current visible and NIR imaging instruments only utilise two to three discrete 

wavelengths to monitor the exposed cortex and to resolve the signal related to HbO2 

and HHb. This approach does not allow sufficient optical information to quantify 

changes in the redox states of CCO, which is the key cerebral chromophore to image 

for monitoring the metabolic response without injecting contrast agents. The use of 

multiple wavelengths is required to fully exploit the predominant absorption peak 

of CCO between 780 and 900 nm, thus allowing to differentiate the corresponding 

metabolic signature from the haemoglobin signals (which has concentration about 

ten times higher than CCO in the brain). bNIRS is an optical spectroscopic tech-

nique that is able to analyse a large number (tens to hundreds) of wavelengths and 
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thus to effectively measure the optical signature from CCO, thanks to the enhanced 

spectral resolution and noise reduction it provides [6]. Nonetheless, being based just 

on point detectors and sources (brain topography), it ultimately fails to provide de-

tailed spatial information with high resolution and contrast to appropriately image 

vasculature in the brain and differentiate between blood vessels (full of haemoglo-

bin) and surrounding brain tissue, where the oxidation of CCO primarily takes 

place. Therefore, a new imaging method is needed to overcome the abovementioned 

issues and to extended broadband single-point spectroscopy to two-dimensional 

(2D), wide-field imaging of the exposed cerebral cortex. 

Hyperspectral imaging (HSI) has been selected as a potential optical imaging 

modality to achieve the specific targets previously described. Its characteristics, 

specifically the capability to image a subject at numerous contiguous wavelengths, 

could theoretically enable discrimination between the CCO and haemoglobin sig-

nals and provide high-resolution maps of the changes in oxygenation, haemody-

namics and energy production in the brain. HSI using only visible wavelengths is 

an established optical technology for imaging the haemoglobin oxygenation of the 

exposed cerebral cortex, however it does not allow imaging of metabolism via tar-

geting of CCO. Thus, the aim of this thesis work is to enhance this technology by 

developing a NIR and visible-light HSI system to achieve the simultaneous quanti-

fication and imaging of in vivo brain oxygenation and tissue metabolism. 

 

1.2 Aim of the thesis 

The main objective of the work described in this thesis is to design and develop an 

HSI system that utilises multiple visible and NIR wavelengths for in vivo monitor-

ing and mapping of changes in the haemodynamic and metabolic states of the ex-

posed cerebral cortex of small animals, such as mice and rats. The new optical sys-

tem aims at quantifying physiologically useful changes in concentration of HbO2, 

HHb and CCO with μM sensitivity (0.1 and 0.01 μM for haemoglobin and CCO, 

respectively), which are in accordance with the reviewed literature on cerebral hae-

modynamic and metabolic monitoring. The system is then used to study and inves-

tigate cerebral oxygenation and metabolic response in healthy cortical tissue and 
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during abnormal states of the brain, such as cerebral hypoxia and hyperoxia. This 

device can potentially provide significant information and insight on cerebral activ-

ity and functioning, thus allowing a deeper and broader understanding of brain tis-

sue physiology and pathophysiology under several different conditions. To deliver 

the goal of this thesis, the following steps need to be carried out and completed: 

▪ Investigating and determining the most efficient and suitable hyperspectral 

solution for the specific application of imaging haemodynamic and meta-

bolic changes in the exposed cerebral cortex. The design of the HSI system 

would have to consider all the specifications needed for such purpose (e.g. 

spatial, spectral and temporal resolutions), while being at the same time 

compact, functional and cost-effective. 

▪ Modelling computationally light transport through brain tissue and simulat-

ing the process of HSI on the exposed cortex. This will provide critical in-

formation to optimise the design of the system to build, and it could be used 

side by side with the data acquisition and processing procedure for aiding 

image reconstruction and quantification. 

▪ Selecting, assembling and interconnecting the components of the hardware 

of the system, as well as characterising its technical performances.  

▪ Developing and optimising the software of the system for data collection, 

as well as the algorithms for hyperspectral data processing and analysis. 

▪ Assessing and validating the performances of the HSI system in a controlled 

environment, specifically using optical phantoms mimicking brain tissue 

haemodynamics and metabolism. 

▪ Applying the HSI system in vivo on the exposed cerebral cortex of animals, 

particularly mice and rats, in order to provide a solid proof of concept for it 

and also to evaluate its capability to retrieve correct quantitative information 

about changes in HbO2, HHb and oxidised CCO (oxCCO) under different 

conditions, such as oxygen alterations (e.g. hypoxia and hyperoxia). 

 

1.3 Outline of the thesis 

This thesis is composed of eight parts. The present chapter (Chapter 1) provides 
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an introduction to the work and its main aims. 

Chapter 2 offers background to the work, including a summary of light-tissue 

interactions, models for light transport in tissue and a general overview on optical 

imaging of the brain. It follows by briefly describing mouse brain physiology and 

cerebral metabolism, particularly in the perspective of the tissue origin of the meas-

urable optical signals. Then, HSI is introduced, describing its definition, the various 

hyperspectral image acquisition modes and the typical instrumentation used for this 

modality. The chapter also includes a literature review on the application of this 

modality to brain tissue haemodynamic and metabolic monitoring. 

Chapter 3 describes the development of a Monte Carlo (MC) framework for sim-

ulating HSI of the haemodynamic and metabolic states of the exposed cortex. The 

MC framework is described and used to run computational studies on the feasibility 

and performances of using HSI to image and quantify relative changes in the concen-

trations of HbO2, HHb and oxCCO, as well as to investigate key parameters for the 

design of a benchtop HSI system, e.g. optimal selection of wavelengths and different 

imaging configurations. 

Chapter 4 reviews and investigates opto-electronics for the development of a be-

spoke HSI benchtop setup for brain haemodynamic and metabolic monitoring. After 

stating the minimum requirements for the technical specifications needed by the sys-

tem, different components and HSI designs are compared, i.e. a custom-made hyper-

spectral snapshot setup, different light sources for sequential spectral illumination and 

cameras for high-resolution imaging (including the testing of an acousto-optically 

filtered supercontinuum laser). The ultimate design for the thesis is then selected and 

motivations for the choice are provided. 

Chapter 5 presents the description and characterisation of the HSI system devel-

oped in this thesis, called hNIR, including spectral and power characterisation of the 

illumination side of the setup, temporal resolution of the system, as well as image 

characterisation across all the involved spectral bands. 

In Chapter 6, the hNIR system is tested and validated on liquid optical phantoms, 

mimicking brain tissue during oxygenation and deoxygenation events. Two different 

phantoms are employed: the first having only blood as the main chromophore, while 

the second includes blood as well as yeast, to mimic the redox states of CCO. The 
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results of the testing of hNIR on both liquid phantoms are then compared. 

Chapter 7 reports the in vivo application of hNIR on the exposed cerebral cortex 

of three mice during various oxygen manipulation events, including different levels 

of hyperoxia, hypoxia and anoxia. The results of the in vivo studies are presented and 

discussed, evaluating the ability and performances of hNIR in imaging and quantify-

ing the haemodynamic and metabolic states of the exposed cerebral cortex. 

Finally, Chapter 8 summarises and discusses the overall conclusions of the work 

presented in this thesis, including also future perspectives. 

Three appendixes are also included at the end of the thesis: (1) Appendix A reports 

the in vivo investigation and testing of a commercial snapshot hyperspectral solution 

(performed before the design of hNIR), discussing the results of its application to hae-

modynamic and metabolic imaging of the exposed cortex of mice under hyperoxia, 

hypoxia and anoxia; (2) Appendix B reports the absorption coefficients used in the 

thesis; and (3) Appendix C describes the multimedia materials attached to the thesis. 
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Background 

 
This chapter introduces and summarises the relevant background and literature re-

view necessary to understand the work presented in this thesis. Firstly, an overview 

on the physics of biomedical optics, as well as on the advantages and disadvantages 

of the application and use of light for brain tissue imaging, is provided. The theory 

of light transport within tissue is also briefly described, with particular emphasis on 

the computational methods employed to model such phenomenon. This is followed 

by an introduction to brain physiology, focusing primarily on the mouse brain being 

the main target of this work, and to the key biological mechanisms of brain tissue 

metabolism and haemodynamics, including the related measurable optical signals. 

The second part of the chapter focuses on hyperspectral technologies and acquisi-

tion modalities for brain imaging, aiming specifically at summarising the existing 

literature regarding the application of HSI for monitoring and investigating cerebral 

tissue metabolism and haemodynamics. A general summary of the different com-

ponents and specific instrumentation used in HSI solutions for neuroimaging is also 

presented here, together with an outline of the major hyperspectral image acquisi-

tion techniques.  

Sections and figures of the journal article in [15] by L. Giannoni et al have been 

modified and adapted to form parts of this chapter, with reprint permission under 

CC BY 4.0 License. 

 

2.1 Light interactions with biological tissue 

The key concept in optical imaging lies on the capability of light, in the form of 

photons of energy, to penetrate biological tissue, interact with it and then escape it 
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to be available for detection. The main interactions between light and biological 

matter that play major roles in the context and applications of optical imaging and 

HSI are: (1) absorption, (2) scattering, both elastic and inelastic, (3) reflection/re-

fraction, and (4) fluorescence. 

 

2.1.1 Light absorption 

On the molecular level, light absorption occurs when a photon transfers its energy 

to the interacting molecule and excites it from a ground state to an excited state. 

The energy of the excited molecule can then be dissipated in the form of heat or 

released in the form of another photon. The latter process is called luminescence 

[4]. On the macroscopic level, the amount of light absorbed by a medium at a given 

wavelength λ is determined by its absorption coefficient µa (λ), defined as the prob-

ability of photon absorption by the medium per unit pathlength (cm-1). The total 

absorption coefficient of a medium is composed of a linear combination of the ab-

sorption coefficients of its constituent absorbers, also called chromophores. Given 

the concentration ci of the i-th chromophore in a medium and its molar absorption 

coefficient κi (λ) (M-1 cm-1), then the total absorption coefficient µa 
(λ) of the me-

dium at a given wavelength λ is 

𝜇𝑎(𝜆) = ∑𝜅𝑖(𝜆)𝑐𝑖

𝑖

. 

In optical imaging and NIRS, the decadic (common logarithm) molar extinction 

coefficient ε (λ) is typically used instead of the Napierian (natural logarithm) molar 

absorption coefficient κ (λ) [16], the two being related as the following: 

𝜅(𝜆) = ln(10)𝜀(𝜆) . 

Therefore, combining (2.1) and (2.2): 

𝜇𝑎(𝜆) = ln(10)∑ 𝜀𝑖(𝜆)𝑐𝑖

𝑖

. 

In cases where the composition of a medium is not well specified, the volume con-

tent fi of the i-th chromophore in the medium and the pure absorption coefficient 

(2.1) 

(2.2) 

(2.3) 
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µa,i (λ) of that chromophore can be used [16], modifying (2.3) into 

𝜇𝑎(𝜆) = ∑ 𝜇𝑎,𝑖(𝜆)𝑓𝑖
𝑖

. 

Beer-Lambert’s law describes the attenuation of a collimated beam of light of 

intensity I0 (λ), at a given wavelength λ, travelling through a medium of thickness x 

and having total absorption coefficient µa 
(λ). According to Beer-Lambert’s law, the 

intensity of transmitted light I (λ) through the medium is given by 

𝐼(𝜆) = 𝐼0(𝜆)𝑒−𝜇𝑎(𝜆)𝑥 . 

By defining the attenuation A(λ) of the light through the medium -usually also 

named optical density (OD)- as the common logarithm of the ratio between the in-

cident intensity I0 
(λ) and the transmitted intensity I (λ), and by combining (2.5) with 

(2.3), Beer-Lambert’s law can be rewritten as 

𝐴(𝜆) = − log10 (
𝐼(𝜆)

𝐼0(𝜆)
) = 𝑥 ∑𝜀𝑖(𝜆)𝑐𝑖

𝑖

. 

 

2.1.2 Light scattering 

Light scattering occurs when a photon interacts with a molecule and as a conse-

quence it is deviated from its original path. Two types of scattering exist, namely 

(1) elastic scattering, when the photon maintains the same energy after the interac-

tion, and (2) inelastic scattering, when an exchange of energy between the photon 

and the interacting molecule takes place. The latter type is also known as Raman 

scattering [4]. 

In Raman scattering, the difference in the energy of the photon after the scat-

tering event is either transferred to the interacting molecule, exciting it to an excited 

state, or gained by the photon itself. The first case is known as Stokes Raman scat-

tering, while the second is called anti-Stokes Raman scattering. Since the energy 

transition in Raman scattering is specific to the structure of the interacting molecule, 

such process can be exploited to analyse the chemical composition of the medium 

light has interacted with, e.g. in Raman spectroscopy and imaging  [17], [18]. 

(2.5) 

(2.4) 

(2.6) 
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Elastic scattering can be modelled using Mie theory, when the light photons are 

considered to interact with spherical particles having different refractive index n 

than the surrounding medium. If the size of these particles is much smaller than the 

wavelength λ of the incident light, the Mie theory can be reduced to the Rayleigh 

theory. Scattering modelled via Rayleigh theory is strongly dependent on the wave-

length of the incident photon, with shorter wavelengths generally being more scat-

tered than longer ones [4], [16].  

Macroscopic media can be considered as composed of a random distribution of 

a multitude of scattering particles of various sizes. Thus, a light photon can undergo 

through numerous sequential scattering events and change its path many times. This 

process of multiple scatterings of a photon in a medium is commonly defined as 

light diffusion.  

The scattering properties of a medium at a given wavelength λ are characterised 

by (1) its scattering coefficient µs 
(λ), defined as the probability of photon scattering 

in the given medium per unit pathlength (cm-1), and by (2) its scattering phase 

function p (θ), defined as the probability of a photon to be scattered at an angle θ 

(sr-1). The scattering phase function 𝑝(𝜃) is typically described mathematically 

using its Henyey-Green form  

𝑝(𝜃) =
1 − 𝑔2

2(1 + 𝑔2 − 2𝑔 cos 𝜃)3 2⁄  . 

The anisotropy g is defined as the average cosine of the scattering angle θ by single 

scattering event. It can have values ranging between -1 and 1, where g equal to 0 

indicates isotropic scattering (i.e. equal probability for the photon to be scattered in 

all directions), a value of g between -1 and 0 indicates backward scattering, and a 

value of g between 0 and 1 indicates forward scattering. In most biological tissues, 

g typically stands at around 0.9 [16], thus promoting primarily forward scattering.  

Considering the anisotropy g, a single parameter that accounts for probability 

and direction of scattering can be defined: this is the reduced scattering coefficient 

µ′s 
(λ) (cm-1), which is given by  

𝜇′𝑠(𝜆) = 𝜇𝑠(𝜆)(1 − 𝑔) . 

(2.7) 

(2.8) 
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2.1.3 Light reflection and refraction 

While scattering typically considers the deviation in the path of a photon caused by 

interactions with relatively small volumes, refraction and reflection are typically 

used to describe the behaviour of a ray of light when it meets a well-defined inter-

face between two media. The two media typically differ in their respective refrac-

tive indexes n. Reflection refers to the process by which the light ray is reverted 

back in the same medium when encountering the interface, while refraction occurs 

when the light ray crosses the interface and shifts its direction. These processes are 

illustrated in Fig. 2.1. 

The critical angle θc for the interface is defined as the smallest angle of inci-

dence of the incoming ray of light (with respect to the normal to the interface) that 

yields total internal reflection. For angles θi greater than θc, the incident ray of light 

Figure 2.1: Interaction of an incident ray of light, coming from a medium with refractive 

index n1, with the interface of a second medium having different refractive 

index n2. If the incident angle θi of the ray is smaller than the critical angle θc, 

then the ray of light will be partially refracted at a refraction angle θt dependent 

on the ratio between n1 and n2 (according to Snell’s law), while part of it will 

be reflected at a reflection angle equal to the incident angle. If the incident 

angle θi is larger than the critical angle θc, then the ray of light will be subjected 

to total internal reflection, being entirely reflected at an angle θTIR equal to the 

incident angle.   
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is completely reflected off the interface at an angle of total internal reflection θTIR 

equal to θi, according to the law of reflection. If the incidence angles θi is smaller 

than θc, part of the ray of light, coming from the medium with refractive index n1, 

is still reflected at an angle of reflection θr equal to θi, though most of it is refracted 

and propagates through the next medium with reflective index n2. The angle at 

which the ray is refracted, called the angle of refraction θt, depends on the refractive 

indexes of the two media and it is determined by Snell’s law as 

sin 𝜃𝑡

sin𝜃𝑖
=

𝑛1

𝑛2
=

𝑣2

𝑣1
 . 

v
1
 and v

2
 are the velocities of light in the respective media [19]. The velocity of light 

in vacuum c is 299,792,458 m/s. 

For a light wavefront or beam, which can be considered as composed of multi-

ple rays, that interacts with an interface between media, reflection can manifest in 

two ways: as (1) specular reflection, if the rays composing the beam are all reflected 

at the same angle (equal to the angle of incidence of the beam), or as (2) diffuse 

reflection, when the rays composing the beam are reflected at many different angles 

of reflection. Specular reflection is typical for smooth, mirror-like surfaces, while 

diffuse reflection generally occurs when the light beam hits a microscopically rough 

and textured surfaces, such as biological structures in tissues.  

 

2.1.4 Fluorescence 

Fluorescence is a form of luminescence, i.e. emission of light from an atom or mol-

ecule following its de-excitation back to ground state after absorption of a photon. 

The emitting atom or molecule is commonly called fluorophore. The energy of the 

emitted fluorescence light is typically lower than the energy of the absorbed photon, 

therefore the wavelength λ1 of the fluorescence photons is longer than the wave-

length λ2 of the absorbed photons. The difference between these wavelengths is 

known as Stokes shift.  

Fluorescence lifetime, i.e. the average time the excited fluorophore spends in 

the excited state before de-excitation and following fluorescence emission, usually 

ranges between 0.5 and 20 ns, for ultraviolet (UV) to NIR excitation [4]. 

(2.9) 



 

2.2. Modelling of light transport in tissue                                     45 

  

2.2 Modelling of light transport in tissue 

Effective and accurate modelling of light transport in biological tissue is fundamen-

tal in optical imaging, in particular for estimation of key parameters that cannot be 

directly measured, such as the optical properties of the tissue or the photon path-

lengths, as well as for performing image reconstruction and quantification.  

The most widely used methodologies to model light transport in tissue can be 

classified as either (1) analytical or numerical solutions of the radiative transfer 

equation (RTE) and its diffusion approximation, or (2) numerical stochastic simu-

lations of diffuse light transport via Monte Carlo (MC) methods. 

 

2.2.1 Radiative transfer equation  

The RTE is derived from the principle of conservation of energy applied to low-

energy photons and considering the optical properties of the medium light travels 

through. In particular, the absorption coefficient µa, scattering coefficient µs (only 

elastic scattering is considered), anisotropy g and refractive index n of the medium 

are taken into account. The dependent variable in the RTE is the radiance 𝐿(𝑟, �̂�, 𝑡), 

defined as the light energy flow at position 𝑟, with direction �̂� and at time t (W·m-2 

·sr-1). The time-dependent RTE (also called Boltzmann equation) [4] is 

1

𝑣

𝜕𝐿(𝑟, �̂�, 𝑡)

𝜕𝑡
= −�̂� ⋅ ∇𝐿(𝑟, �̂�, 𝑡) − (𝜇𝑎 + 𝜇𝑠)𝐿(𝑟, �̂�, 𝑡)

+ 𝜇𝑠 ∫ 𝐿(𝑟, �̂�, 𝑡)𝑝(�̂�′ ⋅ �̂�)𝑑Ω′
 

4𝜋

+ 𝑆(𝑟, �̂�, 𝑡) . 

The RTE characterises the rate of change of radiance 𝐿(𝑟, �̂�, 𝑡) over time (divided 

by the speed of light v in the medium) as a balance among the following positive 

and negative energy contributions: 

▪ −�̂� ⋅ ∇𝐿(𝑟, �̂�, 𝑡) stands for the loss of energy due to photons diverging and 

leaving direction �̂�, at position 𝑟 and time t; 

▪ −(𝜇𝑎 + 𝜇𝑠)𝐿(𝑟, �̂�, 𝑡) represents the loss of energy due to photons being ab-

sorbed by the medium or scattered away from direction �̂�, at position 𝑟 and 

time t;

(2.10) 
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▪ 𝜇𝑠 ∫ 𝐿(𝑟, �̂�, 𝑡)𝑝(�̂�′ ⋅ �̂�)𝑑Ω′ 

4𝜋
 accounts for the increase in energy due to pho-

tons being scattered into direction �̂�, at position 𝑟 and time t; 

▪ 𝑆(𝑟, �̂�, 𝑡) is the source term amounting to the increase in energy due to pho-

ton being emitted at position 𝑟, with direction �̂� and at time t, e.g. from flu-

orescence or any external light source. 

In case of a steady-state scenario, e.g. the use of constant-power light source 

over time, the RTE in (2.10) can be approximated as 

𝜕𝐿(𝑟, �̂�, 𝑡)

𝜕𝑡
= 0 . 

The steady-state case that combines (2.10) and (2.11) can be analytically solved for 

simple domains, like infinite planes, spheres and cylinders [4], [20]. However, the 

time-dependent case of the RTE in (2.10) is particularly complex and cumbersome 

to solve analytically. Therefore, it is generally simplified using diffusion theory. 

 

2.2.2 Diffusion theory  

The diffusion theory, also known as diffusion equation for photon transport, is an 

approximation of the RTE that relies on the main assumption that the medium 

where light is travelling is highly scattering. Thus, it assumes that in the medium 

scattering is much more predominant than absorption (µs ≫ µa 
) and after a suffi-

cient number of scattering events the radiance will become isotropic. This assump-

tion is valid for biological tissue, as described more in details in Sec. 2.4. The source 

term 𝑆(𝑟, �̂�, 𝑡) is also assumed to be isotropic [4]. 

Under the assumption of isotropic movement of photons, the radiance 𝐿(𝑟, �̂�, 𝑡) 

can be expanded in a series of spherical harmonics and then truncated after the first 

term of the expansion, leading to the so-called P1 approximation, as following: 

𝐿(𝑟, �̂�, 𝑡) =
1

4𝜋
Φ(𝑟, 𝑡) +

3

4𝜋
𝐽(𝑟, 𝑡) ⋅ �̂� . 

Φ(𝑟, 𝑡) is called the energy fluence (W·m-2), defined as the flow of energy at posi-

tion 𝑟 and time t (regardless direction). It is obtained by integrating the radiance 

(2.11) 

(2.12) 
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over the entire solid angle 4π, as 

Φ(𝑟, 𝑡) = ∫ 𝐿(𝑟, �̂�, 𝑡)𝑑Ω′
 

4𝜋

. 

𝐽(𝑟, 𝑡) is called current density, or energy flux, (W·m-2) and it is the vector counter-

part of the energy fluence Φ(𝑟, 𝑡), obtained as 

𝐽(𝑟, 𝑡) = ∫ �̂�𝐿(𝑟, �̂�, 𝑡)𝑑Ω′
 

4𝜋

. 

(2.12) can be substituted in the RTE in (2.10) and by integrating the equation 

over the entire solid angle 4π, a new scalar differential form is derived as 

1

𝑣

𝜕Φ(𝑟, 𝑡)

𝜕𝑡
= −𝜇𝑎Φ(𝑟, 𝑡) − ∇ ⋅ 𝐽(𝑟, 𝑡) + 𝑆(𝑟, 𝑡) . 

Diffusion theory also assumes that in a highly scattering medium the fractional 

change of current density 𝐽(𝑟, 𝑡) is very small and negligible, leading to the appli-

cation of Fick’s law as 

𝐽(𝑟, 𝑡) = −
∇ Φ(𝑟, 𝑡)

3(𝜇𝑎 + 𝜇′𝑠)
 . 

The reciprocal of the denominator in (2.16) takes into account the absorption coef-

ficient µa and the reduced scattering coefficient µ′s of the medium. Such term is 

called diffusion coefficient D, defined as 

𝐷 = −
1

3(𝜇𝑎 + 𝜇′𝑠)
 . 

Combining (2.16) and (2.17) with (2.15) produces the diffusion equation 

1

𝑣

𝜕Φ(𝑟, 𝑡)

𝜕𝑡
= ∇ ⋅ [𝐷∇ Φ(𝑟, 𝑡)] − 𝜇𝑎Φ(𝑟, 𝑡) + 𝑆(𝑟, 𝑡) . 

The diffusion equation in (2.18) requires boundaries conditions and a proper defi-

nition of the source term 𝑆(𝑟, 𝑡) to be solved analytically. Nonetheless, this can be 

(2.13) 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

(2.18) 
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done for simple domains and geometries, such as infinite planes, spheres and cyl-

inders, while for more complex scenarios numerical solutions of the diffusion equa-

tion are typically implemented [20].  

 

2.2.3 Numerical methods for the diffusion equation 

Various numerical approaches to solve the diffusion approximation of the RTE ex-

ist, typically all based on some way to discretise the partial differential equation in 

(2.18). The most widely used in diffuse optical imaging (DOI) and NIRS are: (1) 

finite difference methods (FDM) and (2) finite elements methods (FEM).  

FDM typically discretise the domain using fine cartesian grids and then solve 

the diffusion equation by approximating the partial derivatives to finite differences. 

Therefore, the position vector 𝑟 is discretised into cartesian coordinates points α, β 

and γ and the derivative of energy fluence Φ(𝑟, 𝑡) is approximated to a finite differ-

ence in such points, as 

𝜕Φ(𝑟, 𝑡) = [Φ𝛼+1,𝛽,𝛾( 𝑡) − Φ𝛼−1,𝛽,𝛾( 𝑡)]

+ [Φ𝛼,𝛽+1,𝛾( 𝑡) − Φ𝛼,𝛽−1,𝛾( 𝑡)]

+ [Φ𝛼,𝛽,𝛾+1( 𝑡) − Φ𝛼,𝛽,𝛾−1( 𝑡)] . 

For the best accuracy, the optical properties of the medium are assumed to vary in 

space and thus the diffusion coefficient D typically has also to be discretised in the 

same way. Furthermore, to solve the diffusion equation in the time domain, the time 

t requires an analogue discretisation into small time intervals Δt. The application of 

the discretisation to the main quantities in (2.18) reduces the partial differential 

equation to a system of algebraic equations to be numerically solved at each point 

of the gridded domain. 

FDM have the advantage to be straight-forward approaches to discretisation, as 

well as to be relatively easy to construct and implement, although the use of carte-

sian grids can be problematic and time-consuming for domains with complex and/or 

irregular boundaries, such as smooth curves. Due to this limitation FDM are gener-

ally used in optical imaging to initiate test solutions, while FEM are much more 

popular for solving the diffusion equation for elaborated geometries [20], [21]. 

(2.19) 
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FEM divide the domain into discrete and finite elements, typically tetrahedral 

meshes, that are joined at their vertexes, called nodes. The energy fluence Φ(𝑟, 𝑡) 

is then discretised at each node i into a polynomial series of functions 𝜑𝑖, called 

basis functions, and weighted by linear mapping functions 𝑢𝑖(𝑟) as 

Φ(𝑟, 𝑡) = ∑𝜑𝑖𝑢𝑖(𝑟)

𝑖

. 

Similar to the approach using FDM, discretisation is typically performed also on 

the diffusion coefficient D. The discrete values of the basic functions are deter-

mined as part of the solution process, which involves applying the discretisation in 

(2.20) in the finite meshes to the diffusion equation in (2.18) and reduce it to a 

system of algebraic equations: 

D�⃗⃗⃗⃗� = �⃗⃗⃗� . 

D is the diffusion matrix, �⃗⃗⃗⃗� is the vector of the discretised energy fluence values in 

all the nodes and �⃗⃗⃗� is the vector of the sources. Apposite boundary conditions are 

added to (2.21) [20], [22], [23]. 

Compared to FDM, FEM are much more flexible and effective in modelling 

light transport for complex geometries and any arbitrary shapes, although three-

dimensional (3D) meshing could become difficult for highly irregular domains [20].  

Common FEM software used in NIRS and DOI are NIRFAST [23] and Toast [24]. 

 

2.2.4 Monte Carlo models for light transport 

Monte Carlo (MC) stochastic approaches are largely used to numerically simulate 

light transport and diffusion in biological media [4], [25]. They are based on the 

modelling of the propagation and tracking of a large number of simulated photon 

packets. A flowchart diagram showing the various steps of the simulated propaga-

tion of photon packets in MC algorithms is illustrated in Fig. 2.2. 

Each photon packet carries an initial amount of energy that is typically called 

weight W, as it randomly moves and interacts in an equally-modelled domain rep-

resenting the simulated medium and its optical properties. The weight of the photon 

(2.20) 

(2.21) 
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will then be reduced at each interaction. A set of rules governing the simulated 

movements of the tracked photons and the corresponding light scattering and ab-

sorption events in the medium are established in MC models. These rules are fun-

damentally centred on the stochastic sampling of random variables according to 

their probability distribution functions (PDF). For light transport, these variables 

can usually represent, for example, the different pathlength s (or stepsize) between 

Initialize and launch photon 

packet with weight W 

Sample stepsize s 

Move photon packet 

Photon exits 

domain? 

YES 

Update photon weight and  

record deposited weight 

Weight below 

threshold? 

YES 

Final photon of 

simulation? 

YES 

END 

NO 

NO 

Sample scattering 

angle θ and update 

photon direction 

NO 

Figure 2.2: Simplified workflow diagram depicting how Monte Carlo algorithms gener-

ally simulate photon propagation into a domain, from launching to final re-

cording of all the deposited weights of each packet. 
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each interaction of the simulate photons or their scattering angle θ (defined mathe-

matically by its own phase function). The simulated propagation of a photon packet 

is then terminated typically when it crosses an external boundary of the modelled 

domain or when eventually the photon weight has been sufficiently diminished be-

low a defined threshold. From the overall sum of the recorded deposited weights of 

every photon packet and their distribution in the domain at the end of the simulation, 

it is then possible to derive relevant physical quantities such as the absorbed energy 

and the energy fluence Φ(𝑟, 𝑡) at different positions 𝑟 in the domain.  

MC models offer excellent accuracy in simulating light propagation inside gen-

eral-shaped domains and multi-layered media [26]. Compared to FDM and FEM 

[22], [27], they have the advantage of providing more specific information about 

individual photon histories. Furthermore, MC simulations generate more truthful 

results in cases where the diffusion approximation ceases to be valid, such as for 

low-scattering domains [28], or for ballistic photons, i.e. photons that travel through 

a scattering medium in a specific straight direction. These typically include initial 

photons that are emitted by a collimated source and travel in a straight line for a 

very short distance, before scattering multiple times and losing their directionality 

[20]. However, the main downsides of MC stochastic approaches reside in their 

relatively long computational times and their limited accuracy in modelling curved 

boundaries for voxel-based domains, due to the approximation of the normal angles 

between interfaces. In particular, the ability to efficiently simulate arbitrarily com-

plex and heterogeneous domains has been stressed for the implementation of im-

proved MC methodologies, due to the increasing demand in replicating highly-re-

alistic structures mimicking biological tissues, organs and even entire bodies. 

 

2.3 Brain optical spectroscopy and imaging 

In vivo optical brain imaging modalities, such as HSI, exploit the considerable ad-

vantages provided by the application of light to biological tissue at various and di-

verse wavelengths in the electromagnetic spectrum, with the purpose of retrieving 

physiological information of interest. Among these advantages, the most important 

are (1) the excellent sensitivity to cerebral functional changes and (2) the specificity 
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of particular optical signatures to fundamental molecules and substances in the 

brain, generating what is commonly known as intrinsic contrast [13], [14].  

Light absorption and scattering are the two dominant phenomena occurring 

when light travels through living matter, such as the brain. Biological tissues are 

predominantly high-scattering media (also known as turbid media), with scattering 

coefficient µ
s
 typically two orders of magnitude higher than the absorption coeffi-

cient µa [4], [16]. However, absorption by specific chromophores, particularly wa-

ter and haemoglobin, is still large enough to severely limit the depth of penetration 

of light in the visible range (400-700 nm) to only few mm. Thus, most wide-field 

optical imaging (WFOI) techniques for the brain that use visible light are applied 

to the exposed cerebral cortex [13], [14]. Nonetheless, biological tissues are rela-

tively transparent to light in the NIR range between 650 to 1350 nm, known as 

optical window, while still maintaining significant absorption from physiologically-

relevant chromophores, in particular HbO2, HHb and CCO [29]. Therefore, NIR 

light can be injected in the head of a subject, penetrate up to few cm through the 

scalp, skull and cerebrospinal fluid (CSF), diffuse in the brain (primarily in the outer 

cortex) and then scatter back for detection, providing non-invasive monitoring and 

imaging of brain functions and physiology in vivo [1], [4], [6]. This constitutes the 

physical basis for NIRS, bNIRS and diffuse optical tomography (DOT).  

 

2.3.1 Brain spectroscopy 

Non-invasive in vivo optical monitoring of the brain via NIRS was first presented 

and demonstrated by Frans Jöbsis in 1977 [5]. Since then, NIRS evolved into a well-

established modality for monitoring changes in the concentrations of intrinsic chro-

mophores in tissues, typically focusing on HbO2 and HHb and thus providing quan-

titative information regarding haemodynamics and oxygenation in tissues. When 

NIRS is applied to the brain to measure functional activation, it is commonly re-

ferred as functional NIRS (fNIRS).  

The most basic spectroscopic configuration involves pairs of light sources and 

detectors (called optodes) that are positioned on the head of the subject at a certain 

distance d from each other, in order to sample specific regions of the underlying 

cerebral cortex. This type of configuration, usually called brain topography (Fig. 
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2.3), allows one to create low-resolution, temporal 2D maps of the activity of the 

surface of the brain by looking at local changes in the concentrations of the chro-

mophores of interest [13]. These changes in concentration Δc are directly inferred 

and quantified from the variations in time t of the light intensity I (t) that reaches 

the detectors, with respect to the injected light intensity I0 (t) from the source. This 

spectroscopic approach that simply measures changes in the intensity of the dif-

fused light at given sets of wavelengths λ is called continuous wave (CW) [3]. 

NIRS systems based on CW mode generally employ a modified form of Beer-

Lambert’s law in (2.6) that accounts not only for changes in light intensity due to 

variations in brain tissue absorption, but also due to multiple scattering. This form 

is called modified Beer-Lambert’s law (MBLL), developed by Delpy et al [30]. The 

MBLL correlates the attenuation A of light intensity through brain tissue at a spe-

cific time t and wavelength λ with the concentration ci of a number of N targeted 

chromophores, as 

Figure 2.3: In a typical NIRS topography setup, light at intensity I0(t) is injected in the 

head from a light source and diffuses trough scalp, skull, CSF and cerebral 

cortex. Part of this diffused light is then scattered and reflect back to the head 

surface, where it is collected at intensity I (t) by a detector, positioned at dis-

tance d from the source.   
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𝐴(𝑡, 𝜆) = − log10 (
𝐼(𝑡, 𝜆)

𝐼0(𝑡, 𝜆)
) = ∑ 𝜀𝑖(𝜆)𝑐𝑖(𝑡)𝑃𝐿(𝜆) + 𝐺(𝜆)

𝑁

𝑖=1

 . 

εi (λ) is the molar extinction coefficient of the i-th chromophore at the given 

wavelength λ, ci (t) is the concentration of the i-th chromophore at time t and G(λ) 

is a geometrical factor assessing scattering-related loss of light intensity in the brain. 

Furthermore, PL (λ) is the average optical pathlength travelled by the photons in the 

tissue, from injection by the source to detection. It is typically calculated as the 

distance between the source and the detector pairs d multiplied by a differential 

pathlength factor DPF (λ), that accounts for the wavelength-dependent increment 

in the distance travelled by the photons in the tissue due to multiple scattering [31]:  

𝑃𝐿(𝜆) = 𝐷𝑃𝐹(𝜆)𝑑 . 

The validity of the MBLL is based on the following two assumptions: (1) the 

absorption properties of the medium change homogenously; and (2) the light losses 

due to scattering are constant in time [32], [33]. Since the brain is typically inho-

mogeneous, MBLL is prone to generating estimation errors between cerebral re-

gions with different absorption properties (such as between vessels and surrounding 

tissue). When this estimation errors are generated by the presence of different chro-

mophores, they are typically called crosstalk, whereas when caused by differences 

in the optical pathlengths of the photons, they are known as partial volume effects 

or partial pathlength effects [32].  

Furthermore, the application of the MBLL to measured intensity spectra at var-

ious wavelengths does not normally allow to calculate absolute concentration val-

ues, but only relative temporal changes Δci (t) in concentrations during a certain 

time interval Δt between a specific time point t1 and an initial time t0, usually cor-

responding to the baseline rest condition of the brain. In this approach, by looking 

at the variation in the attenuation ΔA(Δt, λ) of light intensity in the time interval Δt, 

it is assumed that the change in the scattering properties of brain tissue is small 

compared to the change in absorption due to the considered chromophores; it is also 

assumed that the incident light intensity I0 (t, λ) is stationary over time. Thus, the 

(2.22) 

(2.23) 
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two terms G(λ) and I0 (t, λ) can both be cancelled out from (2.22), leading to 

Δ𝐴(Δ𝑡, 𝜆) = − log10 (
𝐼(𝑡1, 𝜆)

𝐼(𝑡0, 𝜆)
) = ∑𝜀𝑖(𝜆)Δ𝑐𝑖(𝑡)𝑃𝐿(𝜆)

𝑁

𝑖=1

 . 

Solving (2.24) to retrieve the relative changes in concentration of a given chromo-

phore requires a priori knowledge of its corresponding molar extinction coeffi-

cients, as well as an estimate of DPF (λ). This factor is typically obtained from lit-

erature for CW setups. However, other spectroscopic approaches can directly meas-

ure the average photon pathlength PL (λ), in particular time domain (TD) and fre-

quency domain (FD) modes.  

TD spectroscopy is based on injecting multiple, fast pulses of laser light in the 

head and then measure the average arrival time of the light at the detector, com-

monly referred as time of flight (TOF) of the photons, thus retrieving their temporal 

distribution. This can then be used to directly estimate the average photon path-

length PL of the photons by knowing the speed of light in brain tissue [2], [13]. 

FD spectroscopy involves the use of frequency-modulated light for illumination 

and the following measurement of the phase delay of the detected photons after 

diffusing in the head. Similar to TD, the phase delay of the light can be directly 

correlated to the average photon pathlength PL [2], [13]. 

The main advantage of TD and FD, compared to CW, is that both approaches 

can directly estimate the optical properties of the sampled brain cortex, thus allow-

ing to retrieve absolute values of the concentrations of the targeted chromophores. 

Brain topography can ultimately be extended to a full brain tomography by in-

creasing the number of optodes to sample the entire head of a subject. Such tech-

nique is called diffuse optical tomography (DOT) and can retrieve 3D maps of the 

optical properties of the brain cortex (with depth resolution of about 2-3 cm) [23], 

[34]. Increasing the number of optodes and utilising overlapping channels (direct 

paths between one source and one detector) enhances the spatial resolution of the 

brain mapping. High-density DOT (HD-DOT) uses interlaced arrays of thousands 

channels to achieve a spatial resolution down to few mm [35].  

Image reconstruction in DOT requires the implementation of a model for light 

(2.24) 
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transport in tissue, like one of those described in Sec. 2.2, in order to retrieve spatial 

distributions of the optical properties of the target. Head atlases are typically em-

ployed to reproduce the domain for the model. Alternatively, the head geometry can 

be replicated from structural images of the subject, such as magnetic resonance im-

aging (MRI) scans. Reconstructing 3D maps of the optical properties of a subject 

in DOT involves the solution of an inverse problem as 

𝚫𝒚⃗⃗⃗⃗⃗⃗
𝒎,𝒏 = J𝒎,𝒏𝚫𝒙⃗⃗⃗⃗⃗⃗  . 

𝚫𝒚⃗⃗⃗⃗⃗⃗  is the vector of the temporal changes in measurements between source m and 

detector n, while 𝚫𝒙⃗⃗⃗⃗⃗⃗  is the vector of the temporal changes in optical properties at a 

specific position on the domain. J𝒎,𝒏 is a Jacobian matrix, also known as sensitivity 

matrix, that relates the changes in optical properties in a sample of the head domain 

to changes in the recorded data at its surface. The sensitivity matrix is calculated 

using the desired model for light diffusion in brain tissue (as described in Sec. 2.2). 

 

2.3.2 Brain imaging 

Non-invasive spectroscopic approaches like fNIRS and DOT are limited in terms 

of spatial resolution, since they can only retrieve topical maps of the activity of 

brain cortex without the ability to differentiate between types of tissue, such as vas-

culature and surrounding cerebral matter. There are critical restrictions to image 

quality when optical imaging is performed non-invasively, due to the influence of 

scattering from different layers of the head (primarily skull and scalp). In the NIR 

range, brain is indeed typically characterised by relatively high scattering properties 

provided by its structural inhomogeneity [16]. Thus, light diffuses in cerebral tissue 

undergoing multiple scattering events on short distances. This imposes limitations 

to the spatial resolution of any optical imaging system, since an ideal illumination 

point cannot be reconstructed as a point image, rather as a broader, diffused area. 

Such imaging response is called tissue point-spread function (PSF) and the broad-

ening effect becomes more significant for deeper propagation distances [36]. Spa-

tial resolution for an optical imaging system is typically defined as the full width at 

half maximum (FWHM) of the PSF, i.e. the minimum distance between two PSF 

(2.25) 
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required to differentiate both of them [4]. Therefore, an intrinsic trade-off exists 

between spatial resolution and depth of penetration. To overcome this issue, optical 

brain imaging is often performed on the exposed cerebral cortex of animals, such 

as rodents and small mammals, using wide-field cameras to achieve sub-millimetre 

resolution. This approach is often called wide-field optical imaging (WFOI), en-

compassing various neuroimaging techniques, including HSI, that use and detect 

light interacting with the uncovered brain.  

Animal studies involving the thinning of the skull or even the complete uncov-

ering of the cerebral cortex offer direct acquisition of high-resolution images of the 

surface of the living brain with minimal effects on its normal functions and physi-

ological state. The elimination of the scalp, with its skin layers and vasculature, 

excludes contamination of the optical signal from sources other than the illuminated 

brain tissue, while the removal of the skull greatly enhances both light penetration 

in the cortex and spatial resolution of the images. Additionally, the smaller the size 

of the brain of the targeted animals is, the greater the detrimental effect of light 

scattering in tissue is mitigated, thus gradually improving sensitivity and quantifi-

cation power of the optical data. In particular, the uncovering of the cerebral cortex 

allows the use of spectral bands in the visible range for WFOI, permitting to achieve 

higher contrast due to the greater absorption in this particular portion of the elec-

tromagnetic spectrum from major chromophores in the brain, primarily the two 

forms of haemoglobin (HbO2 and HHb). 

The selection of the wavelengths is another key aspect for optical imaging: as 

mentioned previously, higher spatial resolution can be achieved using visible light 

(400-700 nm), due to greater absorption by specific brain chromophores in this 

range. Spatial resolution tends to decrease moving towards NIR illumination and 

detection, due to larger predominance of scattering over absorption and broadening 

of tissue PSF. Furthermore, fluorescence optical imaging is typically performed us-

ing visible light as it is the required excitation for specific fluorescent metabolites 

in the brain (described in Sec. 2.4.2 and Sec. 2.5.5) [14]. 

Together with the previously defined spatial resolution, the most important pa-

rameters to characterise an image obtained via WFOI are: (1) field of view (FOV), 

(2) image contrast, and (3) image signal-to-noise ratio (SNR). 
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The FOV of an image is defined as the extent of the image field that can be seen 

all at once. It typically depends on the optical assembly (lenses and objectives) used 

in front of the detecting camera, which can provide magnification of the imaged 

target. If ho is the size of the target (or the desired FOV) and hi is the size of the 

image on the sensor area of the camera, then magnification M is obtained as 

𝑀 =
ℎ𝑖

ℎ𝑜
 . 

Image contrast C determines the visibility of structures and details in the image 

against the background. It can be defined for a specific region of interest (ROI) as 

𝐶 =
∆𝐼

〈𝐼〉
 . 

∆𝐼 is the variation in the detected light intensity in the ROI with respect to the back-

ground, while 〈𝐼〉 is the average intensity of the background [26]. In brain optical 

imaging, image contrast typically arises from differences in the absorption between 

different types of tissue, such as between vasculature and surrounding cortical grey 

matter (with lower amounts of haemoglobin). 

Image SNR quantifies the influence of background noise on image quality and 

it is defined as  

𝑆𝑁𝑅 =
〈𝐼〉

𝜎𝐼
 . 

𝜎𝐼 is the standard deviation of the background intensity. Alternatively, a peak SNR 

(PSNR) can also be defined relative to the maximum dynamic range of the image. 

Achieving a high SNR in the images is fundamental for brain optical imaging, as it 

generally influences not only image quality but also the capability to quantify phys-

iological parameters, like the concentration of a target chromophore. Major sources 

of noise in brain WFOI can be classified as either (1) intrinsic noise, generated by 

physical factors (e.g. influence of light scattering), or (2) instrumentation noise, in-

troduced externally by the equipment (e.g. camera electronic noise or laser speckle 

noise). While intrinsic noise constitutes a rigid limitation to image quality, instru-

mentation noise can be corrected in post-processing or mitigated during acquisition 

(2.26) 

(2.27) 

(2.28) 
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by ensuring enough signal reaching the detector (larger than the background noise). 

 

2.4 Brain physiology and related optical signals 

Optical imaging modalities for neuroscience have the ability to look at multiple 

aspects of the brain, including microstructural and anatomical details [14], although 

they primarily focus on monitoring and quantifying cerebral physiological pro-

cesses, such as haemodynamics and metabolism. These are particularly relevant for 

investigating the biological and chemical mechanisms of brain functioning, as well 

as to study the causes and development of several brain-related diseases and condi-

tions, such as epilepsy, Alzheimer’s disease and stroke.

An understanding of brain anatomy and physiology is thus required in order to 

guide the application of optical imaging technologies in both preclinical and clinical 

environments. In particular, the tissue origin of the optical signals measured in the 

brain is a key aspect for the interpretation of the results on any in vivo experiment 

using optical imaging modalities, such as HSI. 

 

2.4.1 Human and mouse brain anatomy 

The brain is one of the two primary components of the central nervous system 

(CNS) in humans and animals, together with the spinal cord, and it serves as the 

centre of the entire nervous system. It is composed of two classes of cells: neurons 

and glial cells. Neurons are involved in sending and receiving electrochemical sig-

nals and are the core of brain functioning, while glial cells mainly provide structural 

and metabolic support to the neurons. Neurons can be structurally divided into: (1) 

a cell body, called soma, which contains the nucleus, (2) dendrites, i.e. cellular ex-

tensions of the soma that receive input signals, and (3) an axon that carries the out-

put nervous signals. Axons are wrapped into sheets of white-coloured myelin that 

protect and insulate them, greatly increasing the speed of propagation of the signals 

[37]. These components are depicted in Fig. 2.4. 

Cerebral tissue is made of billions of interconnected neurons and together with 

vasculature constitutes the two major types of tissues composing the organ. The 

brain is highly vascularised and receives about 15-20% of the whole-body cardiac 
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output in human adults [38]. Vessel size in human brain ranges from 4-5 mm, for 

major cerebral veins, to 3-7 μm for capillaries [37], [39], while in mice it varies 

from 100-150 μm to 3-4 μm, respectively [40]–[42]. 

 

Brain tissue composition can be further divided into two main areas, namely 

white matter and grey matter. White matter composes the inner, lipid-rich part of 

brain tissue and it mainly consists of myelinated axons, from which the white colour 

arises. Grey matter surrounds white matter as the outer layer of brain tissue and it 

is primarily made of neuronal somas, dendrites, unmyelinated axons and capillaries, 

which give it a darker colour compared to white matter [37]. 

Structurally, the brain can be divided into three main sections: (1) the brain 

stem, (2) the cerebellum, and (3) the cerebrum (Fig. 2.5). The brain stem is the 

terminal part of the brain that is attached to the spinal cord and it can be further 

divided into midbrain, pons and medulla. It is responsible for the most basic func-

tions of the brain, e.g. control of heart rate and respiration, as well as involuntary 

processes such as digestion. The cerebellum is located in the posterior part of the 

brain and plays an important role in motor control and learning. The cerebrum (also 

known as telencephalon) contains the two cerebral hemispheres and it is primarily 

Figure 2.4: Diagram of the structure of a neuron, including its soma, dendrites and axon 

surrounded by myelin. 
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composed by the cerebral cortex, as well as subcortical structures such as the hip-

pocampus, the basal ganglia and the olfactory bulb [37].  

Figure 2.5: Anatomical and structural comparison between human and mouse brain, with 

their corresponding main sections. a) Structure of the human brain and its main 

sections, from lateral and posterior views. b) Anatomy and sections of a mouse 

brain, showing lateral and superior views. Modified from Dorr et al  [43]. 

 

In particular, the cerebral cortex in the cerebellum is responsible for most of the 

voluntary functions of the brain and for the processing of stimuli. It can be further 

divided into lobes, each related to different functions of the brain. The frontal lobe 

is associated with reward, attention, short-term memory and motivation. In humans, 

it is particularly enlarged compared to other animals and it includes also reasoning 

and other higher cognitive functions. The parietal lobe integrates sensory infor-

mation, including navigation, spatial sense and the sense of touch. In humans, it is 
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also associated with language processing. The occipital lobe includes the visual 

cortex and processes visual information and stimuli in mammals. Finally, the tem-

poral lobe processes auditory stimuli and retains visual memory. In humans, it also 

involves emotion association and language memory [37]. 

Human and mouse brains share the same structures and components, although 

they differ in terms of size and shape, as compared in Fig. 2.5a and Fig. 2.5b. They 

also have roughly the same amount of cell types on the cerebral cortex, thus making 

mouse brain an excellent proxy of human brain in preclinical studies assessing var-

ious aspects of cerebral physiology and pathophysiology, including brain haemo-

dynamics and metabolism [44], [45]. 

 

2.4.2 Brain haemodynamics and metabolism 

Functional metabolic activity in the brain can be generally defined as the sum of all 

the biochemical processes associated with regular cerebral functions, including 

those that keep brain cells alive and enable them to execute their biological roles in 

the tissue. Even at rest, the metabolic energy demand of the brain is considerable, 

being one of the highest energy-consuming organs. It utilises about 20-23% of the 

total energy requirement of the human adult body, despite representing only 2-2.3% 

of its overall weight [46]. When the brain is subject to activation due to specific 

signalling events stimulating cerebral cells, an overall increase in ATP demand nor-

mally occurs. This prompt energy request is higher than the typical ATP demand in 

the basal resting state, which is set by the specific experimental protocol used in the 

measurements. Thus, baseline metabolic activity during rest condition usually var-

ies depending on the state of the subject, being for instance either awake, uncon-

scious, anesthetised or comatose [47].  

Different and interconnected energy-producing pathways compose the overall 

metabolic activity of brain tissue: among them, the two major ones are glycolysis 

and oxidative metabolism, both cardinal in cellular respiration.  

Glycolysis occurs in the cytosol of cells and, in aerobic conditions, it converts 

glucose (C6H12O6) into pyruvate (CH3COCOO-). The free energy released by this 

process is used to produce ATP and reduced nicotinamide adenine dinucleotide 

(NADH). ATP is well known for being the fundamental molecule involved in the 
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storage and transport of chemical energy within cells to fuel and drive their core 

functions. NADH is another key coenzyme involved in the oxidative metabolism 

that generally follows glycolysis, acting as an electron donor in the electron 

transport chain (ETC). NADH and pyruvate are then transferred inside the mito-

chondria, where oxidative metabolism takes place [6], [47]–[49].  

During oxidative metabolism, pyruvate is firstly converted into acetyl-CoA in-

side the mitochondrial matrix, creating also additional NADH and carbon dioxide 

(CO2) as a waste by-product. Subsequently, acetyl-CoA is oxidised to CO2 in the 

tricarboxylic acid (TCA) cycle, also called Krebs cycle, where water is consumed 

and further ATP and NADH are produced. In the TCA cycle, another important 

molecule is also generated, called reduced flavin adenine dinucleotide (FADH2), 

which like NADH it is utilised as a redox agent in the finale stage of the oxidative 

metabolism, called oxidative phosphorylation. Oxidative phosphorylation occurs in 

the inner membrane of the mitochondria and primarily involves a series of redox 

reactions ultimately releasing chemical energy used to synthetise additional ATP. 

All these redox reactions are mediated by four protein complexes (labelled complex 

I-IV) linked together to form the ETC. NADH and FADH2, produced in the early 

phases, initiate such process by donating electrons and converting into their corre-

sponding oxidised forms, i.e. NAD and FAD, respectively. The electrons are then 

transferred through each of the four ETC complexes. Molecular oxygen (O2) carried 

by haemoglobin (as its oxygenated form, HbO2) in the blood diffuses into brain 

cells and receives the transported electrons in the ETC via its final protein complex 

IV, namely CCO, eventually converting O2 into water and CO2. Lastly, the redox 

potential change in the ETC drives the production of ATP through another large 

enzymatic complex, which is called ATP synthase [6], [48], [49].  

 

2.4.3 Optical signals of brain haemodynamics and metabolism 

The in vivo detection and measurement of cerebral haemodynamic and metabolic 

signals trough optical imaging enable to identify and to localise changes in brain 

activity and functions under several different conditions: from resting state, through 

functional activation and response to stimuli, to even irregular physiological cir-

cumstances, such as during tissue hypoxia, hyperoxia and even acute ischaemia. In 
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particular, such abnormal conditions can disrupt normal brain functions in deleteri-

ous ways, for instance due to oxygen deficiency (in the cases of hypoxia and is-

chaemia), and subsequently lead to severe damages to cerebral tissues [50]. Partic-

ular parameters related to the processes described in Sec. 2.4.2 and optical signals 

from compounds directly involved in their key reactions, as either metabolites or 

products, can be measured independently via HSI techniques [46]–[48]. Fig. 2.6 

summarises the main metabolic pathways that can be targeted via HSI and the cor-

responding parameters and optical signals used to quantify brain metabolic activity. 

It is evident that oxygen plays a crucial role in the oxidative metabolism, being 

the ultimate electron acceptor leading to energy production and thus it is a key com-

ponent, together with glucose, for fuelling the entire metabolic activity of brain tis-

sue. Moreover, the net amount of ATP produced during oxidative phosphorylation, 

equal to about 30-32 molecules, greatly surpasses that generated via glycolysis and  

all the other metabolic pathways, standing only at around 5 units [47]. Hence, map-

ping oxygen delivery and consumption across regions of the brain is one of the ways 

to directly measure and quantify brain metabolism. Nonetheless, just monitoring 

the changes in concentrations of the two states of haemoglobin (HbO2 and HHb) in 

specific area of the brain does not explicitly assess O2 consumption in metabolism, 

but only oxygen perfusion and haemodynamics. It is anyway an index of oxygen 

demand and delivery to brain tissue during rest conditions and under functional ac-

tivation [51]. Brain oxygenation mapping is also a critical parameter to evaluate 

brain operation during oxygen-dependent conditions, such as hypoxia, hyperoxia 

and ischaemia [52]. Functional MRI (fMRI) and fNIRS are the major modalities 

that have been extensively used to achieve this purpose [1], [53], [54]. In particular, 

HSI for brain oxygenation has greatly relied on approaches and methodologies sim-

ilar to those used in fNIRS, as it will be discussed in Sec. 2.5.3.  

The principal parameter that is generally utilised to quantify cerebral oxidative 

metabolism is the CMRO2. CMRO2 is the rate of oxygen consumption by the brain 

and it is strictly related to the cerebral blood flow (CBF) [47], [55]. It can be meas-

ured directly in vivo using positron emission tomography (PET), by imaging the 

uptake of radiolabelled 15O compounds [56]. However, indirect assessments of 

CMRO2 from haemodynamic parameters have also been proposed and investigated 
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via fMRI [57] and fNIRS [58]. Similarly, Sec. 2.5.4 will describe and review how 

HSI has been applied so far to estimate CMRO2 from measurements of CBF and 

other haemodynamic parameters. 

Figure 2.6: Diagram of the major metabolic pathways in brain tissue. Key metabolites and 

processes are reported, as well as the related optical signals and parameters 

(highlighted in the green squares) that can be measured and estimated using 

different HSI approaches. These are namely: (1) quantification of the cerebral 

metabolic rate of oxygen (CMRO2), (2) detection of fluorescence from NADH 

and FAD, and (3) monitoring of the redox states of CCO. 
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Optical imaging techniques have also the capability of directly assessing cellu-

lar energetics and ATP production in vivo during brain metabolic activity, thanks 

to the light-dependent properties of some of the molecules that are actively involved 

in these processes. In particular, both FAD and NADH are autofluorescent in the 

visible light range. Thus, by exciting these compounds in the brain tissue at specific 

wavelengths and measuring the intensity of the emitted fluorescence, it is possible 

to quantify changes in their redox states, which consequently indicate variations in 

the rate of production of ATP during metabolism [59]–[61]. FAD and NADH have 

been targeted by HSI systems, taking advantage of their superior spectral resolution 

and high number of wavelengths band to simultaneously resolve their correspond-

ing fluorescent signals. Such approach can thus potentially provide a new way to 

assess brain metabolism via HSI. This will be discussed in Sec. 2.5.5.  Fluorescent 

exogenous analogues of key molecules involved in cellular metabolic production 

of energy could also be employed together with HSI techniques: this will also be 

briefly mentioned in Sec. 2.5.5 (without being extensively discussed).  

Finally, the difference in the NIR absorption spectra of the reduced (redCCO) 

and oxidised (oxCCO) states of CCO can be used to measure in vivo the concentra-

tion of such complex. As seen previously, the variations of its redox states are as-

sociated with O2 reduction and consumption in the oxidative metabolism. There-

fore, monitoring and localising CCO in cerebral tissue can potentially provide an-

other marker to quantify brain metabolic energetics. Relevant studies will be re-

ported in Sec. 2.5.6, regarding the use of fNIRS and bNIRS to measure and map 

CCO during brain functional activation and under hypoxic conditions [5], [6]. The 

end of Sec. 2.5.6, will also cover feasibility and proposals of potential applications 

of HSI to target and image CCO, as the starting point and background for the de-

velopment of a hyperspectral solution for quantifying oxidative metabolism in the 

brain, i.e. the main objective of the work reported in this thesis.  

 

2.5 HSI of brain haemodynamics and metabolism 

In recent years, HSI has emerged as a promising optical technology for biomedical 

applications, primarily for life sciences research, but also aimed at non-invasive 
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diagnosis and image-guided surgery [62]–[65]. It is capable of providing real-time 

quantitative information for several biological processes in tissues, in both health 

and disease. HSI systems have then been used to investigate and detect multiple 

biological phenomena in healthy tissue and in various diseases, such as the quanti-

fication of blood oxygenation and perfusion [66]–[69], cancer type differentiation 

and cancer tissue metabolism [70]–[72], retinal diseases [73]–[75], cardiovascular 

conditions [76]–[78] and haemorrhagic shock [79], [80]. These systems have also 

targeted different types of tissues, including skin [81]–[83], oral and gastrointestinal 

tissue [84]–[86], breast [87], [88] and brain [13], [89]–[91].  

Brain metabolic and haemodynamic imaging with HSI encompasses targeting 

non-pathological cerebral tissue during both regular haemodynamic and metabolic 

activity (e.g. functional activation and response to different stimuli of the cerebral 

cortex) and brain functions under abnormal conditions, such as tissue hypoxia, hy-

peroxia and ischaemia. It is important to clarify that, although a relation between 

oxygenation and haemodynamics of brain tissue and its metabolic activation has 

been extensively demonstrated [47], [92]–[95], measuring haemodynamic parame-

ters, such spatially localised variations in the concentration of HbO2 and HHb or 

CBF, does not directly quantify brain cellular metabolism [96], [97]. Therefore, 

specific hyperspectral methods have been proposed and explored in order to quan-

titatively monitor metabolic activity in cerebral tissue. The study of cerebral tissue 

metabolism is important for developing a deeper and broader understanding of brain 

tissue physiology, as well as to accurately investigate and map cerebral activity fol-

lowing neuronal activation [47], [92]. Furthermore, monitoring brain metabolism 

in certain pathological conditions, such as neurodegenerative diseases, and TBI po-

tentially enables the identification of irregular tissue functionality [98]–[100].  

 

2.5.1 Definition of HSI for brain haemodynamics and metabolism

HSI has been commonly defined in a broad and general sense as the acquisition of 

2D images across a wide range of the electromagnetic spectrum [62]–[64], [101], 

[102]. Such definition has sometimes corresponded to a similarly parallel concept 

in optical spectroscopy, i.e. the already mentioned bNIRS [103]. A precise and ex-

act number of wavelengths to be used in HSI has never been clearly established and 
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it frequently depends on the specific type of application, stretching from only two 

wavelengths up to few hundreds. For this reason, the boundary dividing HSI and 

another similar technique, i.e. multispectral imaging (MSI), is not always distinctly 

delineated and these two optical imaging approaches can occasionally overlap in 

literature, being often subject to arbitrary interpretations. For example, Hillman [13] 

simply defined HSI as the measurement of two or more wavelengths. On the con-

trary, other authors [104]–[108] stated that dozens to hundreds of contiguous spec-

tral bands must be involved to create a typical hyperspectral data cube, called hy-

percube, i.e. a 3D dataset containing the spatial coordinates of each pixel along the 

x and y axes, plus the spectral information along the z axis.

Spectral sampling and resolution are generally considered the key factors to 

distinguish HSI and MSI (Fig. 2.7): while MSI focuses on discrete and relatively 

spaced wavelength bands, HSI primarily utilises very narrow and adjacent spectral 

bands over a continuous spectral range, in order to reconstruct the spectrum of each 

pixel in the image [62], [65], [108]. Again, the width of these spectral bands and 

their mutual separation are not specifically defined, though they typically stand be-

low 10-20 nm [102].  

     The spectral range covered by an HSI system and the number of wavelength 

bands it utilises usually depend on its specific mode of acquisition of the hypercube 

data. These modes are discussed in Sec. 2.5.2. Anyway, a larger number of wave-

length bands with high spectral resolution and sampling typically requires a greater 

complexity in the HSI instrumentation and it is associated with a bigger sheer 

amount of collected data to be stored and processed.  

For the present thesis and for the following review focusing on imaging brain 

tissue metabolism, it has been chosen to consider as hyperspectral any system and 

setup that involve the use and detection of three or more wavelength bands, thus 

slightly extending the definition of Hillman [13]. However, spectral resolution is 

still taken into account as a key aspect. The reason behind this choice is related to 

the intrinsic limitedness of the analysed spectral range for retrieving quantitative 

information from specific chromophores and molecules involved in metabolic ac-

tivity in vivo. Even so, high spectral sampling and resolution typical of HSI tech-

nologies are still strongly required to identify these compounds and to adequately 
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quantify and localise them.  

Figure 2.7: Difference between hyperspectral (top) and multispectral (bottom) imaging. 

The top image shows the creation of the hypercube using a large number of 

contiguous spectral bands. The result gives a complete spectrum for each pixel 

(xi, yi). Contrariwise, in the bottom image only discrete and separated portions 

of the spectral range are considered. 

 

Optimal selection of the spectral range and of the specific wavelength bands is 

also a crucial point in the application of HSI to brain imaging. As stated previously, 

the visible range is usually the preferred choice for targeting the exposed brain cor-

tex, while the NIR range can provide a solution for non-invasive and diagnostic 
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approaches. In a large part of the reviewed studies, optimisation of the choice of the 

spectral bands leads to the use of a relatively small number of wavelengths (typi-

cally between 6 and 10), corresponding to precise portions of the absorption or flu-

orescence spectra of the targeted chromophores or fluorophores. This has the ad-

vantage of reducing the complexity of the involved hyperspectral instrumentation 

and also the sheer size of the hyperspectral data to handle. 

 

2.5.2 HSI techniques and instrumentation

The spectral and spatial information that constitutes the hypercube can be collected 

in different ways, according to the configuration of the involved HSI system and to 

the instrumentation that composes it. The three main and most used hyperspectral 

image acquisition modes can be summarised as: (1) spectral scanning modes, (2) 

spatial scanning modes and (3) snapshot modes, sometimes also called snapshot 

imaging spectrometry [62], [104], [109]. Fig. 2.8 illustrates schematically these 

three different hyperspectral acquisition modalities and the way by which each of 

them generates the data hypercube.  

Figure 2.8: Diagram illustrating the differences in image acquisition process between spec-

tral (or wavelength) scanning mode, spatial scanning mode (either point scan-

ning/whiskbroom or linear scanning/pushbroom) and snapshot mode [104]. 
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 Spectral scanning modes consist in the sequential acquisition of 2D images of 

the target at each required wavelength band. Every image acquired in such way 

corresponds essentially to a single spatial slice (x, y) of the hypercube. At each suc-

cessive image acquisition, the hypercube is reconstructed by piling up all the slices 

along the spectral dimension (λ). Spectral scanning acquisition can be implemented 

in various ways, primarily by either filtering the light emitted by the illuminating 

source (excitation-side) or filtering the reflected/emitted light before being detected 

(emission-side). For such purpose, different filtering technologies can be used. 

Among these, mechanical filtering via filter wheels is one of the most widely used 

[13], [62], [65]. It is advantageous for its low complexity and cost, though the num-

ber of spectral bands that can be installed in the wheel is usually limited (up to 8-

12), as well as the spectral resolution and the selection of the specific wavelengths 

required. In addition, the maximum switching speed between filters in electroni-

cally-controlled wheels typically do not exceed few hundreds of ms [62]. Tunable 

filters, such as acousto-optical tunable filters (AOTF) and liquid crystal tunable fil-

ters (LCTF), can provide much higher tuning rates (in the order of tens of ms or 

hundreds of μs) that can significantly reduce the total acquisition time for a single 

hypercube [62], [104]. In alternative to filtering, spectral scanning can also be per-

formed by directly switching between multiple sources with narrow spectral emis-

sion, such as light-emitting diodes (LED).  

Spatial scanning modes acquire spatio-spectral information at each scan of suc-

ceeding portions of the 2D image. They can collect the complete spectrum (λ) of 

each pixel of the image, point by point, and then reconstruct the entire hypercube 

at every spatial location (x, y). Such approach is commonly called point scanning 

or whiskbroom scanning. Otherwise, the spectral data (x, λ) of a single array of 

pixels can be acquired at each scan as to build the hyperspectral data set line by line 

along the other spatial dimension (y). In this case, the acquisition mode is known as 

linear scanning or pushbroom scanning. Both the two modalities require a relative 

movement between the subject and the hyperspectral setup and, compared to spec-

tral scanning, do not provide a real-time display of the whole FOV of the image. 

Collimating devices and optical spectrometers are typically necessary to accom-

plish the spatial scanning procedure: pinhole apertures (for point scanning) or slits 
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(for linear scanning) collimate light as to image (or illuminate) only a portion of the 

FOV, while dispersive devices, such as diffraction gratings and prisms, are used to 

separate the polychromatic light into its constituent wavelengths [62].  

Snapshot HSI techniques encompass a number of acquisition approaches that 

normally share the capability of recording every image at each spectral band sim-

ultaneously, within a single integration time of the detector. Such modes totally 

eliminate the need of any scanning procedures. Most snapshot techniques used for 

brain tissue metabolic monitoring rely on dispersive elements, like prism arrays and 

mirrors, in order to split the FOV of the imaged subject into slices or portions that 

are then separated in their spectral constituents. After that, such sections are distrib-

uted and recorded over the whole detecting area. By doing that, the detector is di-

vided in regions that embed the complete spatial and spectral information of the 

target, from which the hypercube has to be reconstructed. These types of snapshot 

modalities are usually called image mapping spectrometers (IMS) [104], [110]. The 

simplest configuration for these methods involves the multiplexing on the detector 

area of the full image at each wavelength. On the other hand, image slicing spec-

trometers (ISS) separate the image in slices. However, IMS approaches are gener-

ally limited by the dimension of the detector area, which consequently restrict the 

size of the hypercube and the spatial resolution of the images [104], [110].  

Generally, HSI acquisition via spectral or spatial scanning provides higher 

spectral resolution and consents the use of a greater number of wavelengths bands, 

although at the cost of a longer imaging time. These modalities are also more sen-

sitive to motion artefacts and distortions in the final reconstructed images, which 

may occur if the subject moves during the time of a single hypercube acquisition. 

This could produce significant issues, especially for in vivo applications [62], [65], 

[109]. Contrariwise, snapshot HSI systems have the advantage of reducing the ac-

quisition time of each hyperspectral dataset, since they can capture an entire hyper-

cube in just a single detector integration period, without the need for filtering or 

relative movement between the subject and the HSI system. Nonetheless, this is 

typically obtained at the expenses of both spectral sampling and spatial resolution, 

due to the very large volume of data handled, together with an increased complexity 

and cost in the instrumentation required for such acquisition mode [62], [65], [110].  
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In almost every reviewed application of HSI to the imaging of brain haemody-

namics and metabolism, illumination of the target is normally delivered by white 

light sources encompassing a broad range of wavelengths, for instance halogen 

lamps or gas discharge lamps. Laser sources are not common, although they may 

be used in HSI setups for complementary imaging techniques, such as for laser 

speckle contrast imaging (as reported in Sec. 2.5.4). Still, an alternative way to pro-

vide broadband illumination is represented by supercontinuum lasers, especially in 

spectral acquisition mode, due to their large spectral range (typically covering vis-

ible and infrared emission), high intensity and power output, as well as for their fast 

repetition rates. However, they are typically more expensive compared to conven-

tional, non-coherent light sources. 

Concerning light intensity collection, charge-coupled devices (CCD) are the 

most extensively used sensor instruments for hyperspectral measurements in any 

acquisition mode, due to their high quantum efficiency (QE), i.e. the percent of 

detected photons that actually give rise to counts in the detector, and low instru-

mentation noise [62]. They represent a well-established detection technology at rel-

atively moderate cost and they can cover large spectral ranges, spanning from visi-

ble to NIR light, with adequate QE. Nonetheless, complementary metal-oxide sen-

sors (CMOS), particularly the so-called scientific CMOS (or sCMOS), are rapidly 

emerging as alternative imaging detectors for the typical light intensities involved 

in HSI, as they can combine fast frame rates with high dynamic ranges. Commercial 

hyperspectral cameras, mostly based on snapshot acquisition modalities, have 

started to appear on the market in the recent years and they have been used also for 

brain tissue metabolic imaging [111], [112].  

Spatial resolution of the reviewed HSI systems varies: from recording only 

spread and blurred changes in metabolic and haemodynamic activity in the brain 

(regions in the order of cm2 or mm2) to the visualisation of small details of the 

cerebral vasculature (down to capillaries of few µm in diameter). This mostly de-

pends on several factors, such as: (1) the type of imaging detector employed and its 

intrinsic spatial resolution; (2) the FOV of the image (which varies from several cm 

to even µm, according to the imaged target); (3) the reconstruction algorithm used 

for mapping the variations in brain activity from the hyperspectral data; and (4) the 
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selection of the spectral bands, since both tissue absorption (mainly influencing im-

age contrast) and scattering (determining the degree of blurring of the image) prop-

erties differ for different wavelengths of light propagating into the brain.  

Tab. 2.1 provides an overview of the representative HSI systems that will be 

discussed in the next sections for imaging and monitoring the metabolic activity of 

brain tissue. Their specific characteristics are summarised, together with the key 

components that constitute their instrumentation, the type of hyperspectral image 

acquisition mode they employ and the haemodynamic and metabolic parameters 

that they target in the reported studies.  

 

Table 2.1: Features, instrumentation and acquisition modes of each representative HSI sys-

tem reported in this chapter for brain haemodynamic and metabolic monitoring.  

Reference 

Spectral 

range 

(nm) 

Number 

of spectral 

bands 

Spectral 

resolution 

(nm) 

Acquisition 

mode 

Illumination 

setup 

Detection 

setup 

Metabolism 

target 

Malonek  

[95] 
500-700 - 1 to 4 

Linear 

scanning 

White light 

source 

CCD + slit 

+ diffraction 

grating 

Tissue 

oxygenation 

Devor 

[99] 
560-610 6 10 

Spectral 

scanning 

White light 

source + 

 filter wheel 

CCD 
Tissue 

oxygenation 

Konecky 

[98] 
484-652 38 3 to 8 Snapshot 

White light 

source 

CCD + 

prism array 

Tissue 

oxygenation 

Shonat  

[109] 
504-600 12 5 

Spectral 

scanning 

White light 

source 

CCD + 

AOTF 

Tissue 

oxygenation 

Pichette  

[113] 
481-632 16 ~15 Snapshot 

White light 

source 

Commercial 

snapshot 

camera 

Tissue 

oxygenation 

Dunn 

[96],  

[99], 

[123] 

 

560-610, 

768 
7 10 

Spectral 

scanning 

White light 

source + filter 

wheel + laser 

CCD CMRO2 

Dunn 

[124] 

560-610, 

768 
7 10 

Spectral 

scanning 

White light 

source + filter 

wheel + laser 

Two CCDs CMRO2 

Gao  

[146] 
~480-600 25 5.6 Snapshot 

White light 

source + 

filters 

CCD +  

image slicer 

Fluores-

cence 

Yin 

 [110] 
450-650 9 20 

Spectral 

scanning 

White light 

source 

CCD + 

LCTF 
CCO 

Note: CCD, charge-coupled device; AOTF, acousto-optical tunable filter; CMRO2, cerebral meta-

bolic rate of oxygen; LCTF, liquid crystal tunable filter; CCO, cytochrome-c-oxidase. 
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2.5.3 HSI of brain tissue oxygenation and haemodynamics

So far in the literature, the use of HSI to map localised changes in oxygenation of 

various regions of the brain is the most diffused and reported application of this 

optical technology to cerebral tissue metabolic monitoring. The in vivo measure-

ment of the intrinsic contrast provided by HbO2 and HHb has been an established 

pillar of fNIRS and DOT since its first demonstration by Jöbsis in the 1970s [1], 

[5]. Such contrast is a result of the distinctive absorption spectra of the abovemen-

tioned two chromophores, depicted in Fig. 2.9, and the advantage of the NIR optical 

window (as mentioned earlier).  

Figure 2.9: Molar extinction spectra of HbO2 (in red) and HHb (in blue) in the visible range 

(left) and NIR range (right). The values are taken from Prahl [113] for the vis-

ible range and from Matcher et al [114] for the NIR range. 

 

The two states of haemoglobin in cerebral vasculature represent the major ab-

sorbing substances in the brain at the visible and NIR range. Therefore, changes in 

their relative concentrations can be imaged by measuring variations in the absorp-

tion properties of brain tissue during oxygenation and blood perfusion. The use of 

multiple wavelengths between 400 and 1000 nm allows one to obtain superior sen-

sitivity to these changes and better discrimination between HbO2 and HHb [66], 

[104], [107]. For this reason, the higher spectral resolution and narrower bandwidth 

typical of HSI technologies are specifically suitable to this task, having the potential 

to acquire more precise and exhaustive spectral information of the two targeted hae-

moglobin compounds.  

As mentioned previously, mapping brain tissue oxygenation does not provide 
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direct and quantitative measurements of brain metabolism; nevertheless, it is still a 

significant indicator of brain metabolic activation. Functional activation in the brain 

results in local variations of blood flow, blood volume and of oxygen delivery and 

consumption, in order to fuel the boosted neural activity [115]–[117]. As illustrated 

in Fig. 2.10, a typical haemodynamic response in the brain cortex after a stimulus 

involves a considerable increment in the local concentration of HbO2 due to in-

creased oxygen supply, along with a reduction in the local concentration of HHb 

[116], [117]. The total concentration of haemoglobin (HbT), given by the sum of 

the concentrations of HbO2 and HHb, also shows an increase, although generally 

smaller than that of HbO2.  

Figure 2.10: Diagram of the characteristic haemodynamic response of brain tissue during 

functional activation after a time-limited stimulus (grey area). The increase 

in HbO2 (in red) corresponds to an increment in local oxygen supply that 

generally surpasses the consumption rate, as indicated by the decrease in 

HHb (in blue). The increment in HbT (in black) also points toward a rise in 

cerebral blood flow (CBF) and cerebral blood volume (CBV) [115]. 

 

HbT can be derived from the measurements of HbO2 and HHb, otherwise it is pos-

sible to directly measure it via the selection of wavelength bands corresponding to 
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the isobestic points of the absorption spectra of the two chromophores (at about 

500, 529, 570, 585 and 798 nm). Such isobestic points correspond, on Fig. 2.9, to 

the values of the molar extinction coefficients at which the two curves of HbO2 and 

HHb intersect. The overall timing of the haemodynamic response generally varies 

according to different parameters, such as the specific region of the brain cortex 

involved, the type of triggering stimulus, the physiological conditions of the subject 

(e.g. blood pressure), as well as the particular state of haemoglobin considered. 

Nonetheless, the whole reaction has generally a duration in the order of seconds to 

tens of seconds, with a usual delay between the beginning of the stimulus and the 

peaking of the haemodynamic changes [13], [117].  

The haemodynamic response of brain tissue to altered oxygenation conditions, 

such as hypoxia, hyperoxia and ischaemia, is in general more complicated and het-

erogeneous than the response to functional activation, due to the occurrence of 

larger systemic and physiological effects associated with such circumstances. Ex-

amples of these effects are variations in respiratory rate, ventilation and heart rate 

[118]. The magnitude and timing of the haemodynamic response is also dependent 

on the amount of reduced (or augmented) oxygenation, reaching maximum severity 

in the cases of acute ischaemia and anoxia (i.e. total deprivation of oxygen supply). 

In controlled experimental protocols, the amount of oxygenation is normally set by 

the tested fraction of inspired oxygen (FiO2). However, it is still possible to identify 

a common and well-established trend for the changes in concentrations of the two 

states of haemoglobin in relation to the aforementioned oxygen-dependent states. 

Typically, transient hypoxia induces a progressive decrease in HbO2 and increase 

in HHb, which become more severe as FiO2 is reduced. Both the variations in HbO2 

and HHb eventually tend to stable plateaus as the hypoxic condition is maintained 

in time. HbT also usually shows a general rise, due to vascular dilatation and in-

crease in heart rate [6], [118], [119]. In the more extreme cases of oxygen reduction 

represented by ischaemia or anoxia, which is typically induced by surgically block-

ing major brain vasculature, the trend is equivalent to that of hypoxia but with larger 

spatial extent and higher magnitude in the variations of HbO2 and HHb, with a sig-

nificant drop also in HbT [50]. On the other hand, a reverse situation can be ob-

served in the case of hyperoxia, where HbO2 increases and HHb diminishes with a 
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similar slow tendency to stable new levels as the higher FiO2 remains constant. The 

incremented oxygen supply also typically results in a small increase in HbT, due to 

the larger level of oxygen saturation in the blood [120], [121].  

The majority of the HSI methodologies used to calculate the changes in the 

concentrations of HbO2 and HHb from raw measurements of the light spectra in 

each imaged pixel are based on MBLL in (2.24). Applying (2.24) to the case of 

HbO2 and HHb and extending it to an arbitrary number M of wavelength bands λn 

(accordingly to the HSI setup in use), a system of M linear equations can be ob-

tained. The system can be solved for the temporal changes of concentrations 

Δ[HbO2]k,l and Δ[HHb]k,l in each pixel (k, l) of the acquired hyperspectral images, 

provided that the molar extinction coefficients εHbO2 
(λn) and εHHb (λn) of the two 

chromophores at each involved wavelength λn are available, as 

[
∆[HbO2]𝑘,𝑙

∆[HHb]𝑘,𝑙
] =

[
 
 
 
 
𝜀HbO2

(𝜆1) εHHb(𝜆1)

𝜀HbO2
(𝜆2) εHHb(𝜆2)

⋮ ⋮
𝜀HbO2

(𝜆𝑀) εHHb(𝜆𝑀)]
 
 
 
 
−1

× [

∆𝐴(∆𝑡, 𝜆1) 𝑃𝐿(𝜆1)⁄

∆𝐴(∆𝑡, 𝜆2) 𝑃𝐿(𝜆2)⁄
⋮

∆𝐴(∆𝑡, 𝜆2) 𝑃𝐿(𝜆2)⁄

]  . 

From Δ[HbO2] and Δ[HHb], it is then possible to calculate maps of changes ΔSO2 

in oxygen saturation (SO2) as 

∆SO2 =
∆[HbO2]

∆[HbO2] + ∆[HHb]
 . 

Accurate estimates of the photon pathlength PL (λn) at each wavelength are nec-

essary in order to correctly calculate the relative changes in concentration of HbO2 

and HHb from (2.29). In fNIRS, direct assessments of the photon pathlength can be 

performed in TD by measuring the TOF of photons in the targeted tissue area [80]: 

this is advantageous for the typical data acquisition configuration of such spectro-

scopic modality, involving detection of diffused NIR light and relatively large 

source-to-detector distances (normally few cm). However, for HSI applications that 

normally measure reflected photons consisting also of visible light, the optical path-

length is generally very small (1-3 mm), thus the temporal resolution requirements 

to measure the TOF are more difficult to achieve. Therefore, indirect estimations of 

(2.29) 

(2.30) 
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PL (λn) are largely derived from numerical analysis based on MC simulations [122]. 

Furthermore, HSI requires the 2D distribution of the source illumination on the im-

aged area to be taken into account for a correct evaluation of the optical pathlengths 

in reflectance mode imaging. 

HSI systems using MBLL have been mostly used to monitor the haemodynamic 

response in brain tissue during metabolic activation by targeting the exposed cere-

bral cortex in vivo in animal subjects, especially rodents and cats [123]–[128]. 

Malonek et al [124] implemented one of the first applications of linear scanning 

HSI to functional brain mapping, by targeting the exposed visual cortex of an anes-

thetized cat with visible light in the range 500 to 700 nm and spectral resolution 

spanning between 1 and 4 nm. The HSI system used a slit and a dispersing grating 

assembly to acquire sequential spatio-spectral images and reflection spectra of brain 

microcirculation and haemoglobin response to variable visual stimulation. This 

showed highly localised haemodynamic responses to the stimulus in specific corti-

cal regions within the first 3 seconds, with concentration changes spreading on 

larger distances of several mm in the later phases of the metabolic activation. The 

results of the study also reported a short and rapid initial increase in HHb concen-

tration right at the very beginning of the response, before its subsequent decrease. 

This phenomenon, which is commonly called initial dip and has been identified 

several times in both optical imaging and fNIRS results [13], [129], [130], is cur-

rently attributed to a focal increase in cerebral oxidative metabolism and consequent 

fast oxygen consumption during the early onset of the functional activation [131]. 

Nonetheless, it must be noted that the existence of such dip is not unanimously 

accepted due to its inconsistency in other similar investigations [132]. 

Similarly, Devor et al [128] investigated the occurrence of the initial dip, plus 

another fundamental aspect of the haemodynamic response during metabolic acti-

vation: the coupling between neural activity and blood oxygenation, also known as 

neurovascular coupling (NVC). For this purpose, a spectral scanning imaging sys-

tem was tested on the exposed somatosensory cortex of rats during whisker stimu-

lation. It was composed of a mercury-xenon arc lamp filtered with a 6-position ro-

tating filter wheel and it employed just six contiguous wavelengths (560, 570, 580, 

590, 600 and 610 nm) at a switching rate of about 3 Hz. Each wavelength image 
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was then acquired using a cooled 12-bit CCD camera. Calculations of the variations 

in HbO2 and HHb were performed using the MBLL and expressed in percent 

change maps relative to baseline concentrations of 60 and 40 μM, respectively, 

while changes in HbT were obtained as the sum of the values of the previous two 

chromophores. The differential optical pathlength at each wavelength was esti-

mated using MC simulations based on Kohl et al [122]. The calculated maps of 

oxygenation change, showed in Fig. 2.11, spatially localised the manifestation of 

the initial dip of HHb, but also reported an equivalent rapid decrease in HbO2 that 

balanced such effect, leading to a stationary level of HbT during the initial phase 

after the stimulus.  

Figure 2.11: HbO2, HHb and HbT spatio-temporal mapping in the exposed somatosensory 

cortex during tactile stimulation. Each hyperspectral frame was acquired 

every 200 ms (series B is a continuation of A), with the black scale bar set at 

500 μm. The changes in concentrations are expressed as percent variations 

respect to baseline (60 and 40 μM, for HbO2 and HHb respectively). From 

Devor et al [128]. 

 

These haemodynamic results were then compared to simultaneous electrophysio-

logical recordings in the same region of the brain using metallic electrodes, which 

quantified the synaptic electrical activity of neurons: the comparison between these 

two different signals indicated a non-linear and unsynchronised relationship be-

tween the neural activation and the haemodynamic response. This type of non-lin- 
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ear behaviour in NVC has been found in other studies using different modalities, 

such as fMRI and laser doppler flowmetry (LDF) [133]–[135], suggesting a signif-

icant degree of complexity in modelling such phenomenon. 

A critical factor to be considered in HSI of the exposed cortex regards the depth 

of penetration travelled by the detected light in the brain tissue. Since such reflected 

light usually has penetrated few mm in the cortex, the overall measured signal re-

sults to be composed of weighted contributions belonging to various layers of cer-

ebral tissue, mainly the surface of the cortex, where optical properties and vascula-

ture structure differ. Therefore, this generates a general difficulty in localising the 

depth in the cortex at which the haemodynamic response occurs. The problem is 

even further complicated by the fact that the depth of penetration of light is also 

wavelength-dependent, since photons at different wavelengths would experience 

different optical pathlengths in the same brain region. A recent work by Konecky 

et al [127] tried to assess the issue of depth sensitivity by using a DOT approach to 

HSI of rat somatosensory cortex under single-whisker stimulation. They developed 

a snapshot HSI system [136] using 38 spectral bands from 484 to 652 nm at an 

image rate of 5 Hz. Spectral resolution of the system varied from 3 to 8 nm, while 

the image FOV was 6x6 mm. In addition to the application of MBLL to calculate 

changes in HbO2 and HHb, they also implemented the Rytov approximation [137], 

typical of DOT image reconstruction, analysing the depth-dependent distortion of 

the reflectance spectra in order to localise the haemoglobin variations at various 

depths in the brain tissue. The configuration of the HSI system and part of the results 

of the study are shown in Fig. 2.12. The results of the investigation reported a peak-

ing of the haemodynamic response after 3 seconds post-stimulus using MBLL, 

while the Rytov approximation estimated a longer peaking time of about 4 seconds. 

The magnitude of the concentration changes calculated with the Rytov tomographic 

reconstruction were also larger than those obtained by MBLL, due to partial volume 

effects (as mentioned in Sec. 2.3.1), which the Rytov approximation accounted for. 

The DOT-based approach was also able to localise the maximum of the haemody-

namic response at less than a millimetre beneath the surface of the cortex (precisely, 

0.29±0.02 mm for HbO2 and 0.66±0.04 mm for HHb). The difference in the peaking 

depths of HbO2 and HHb during functional activation may be attributed to a rapid 
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Figure 2.12: a) Snapshot HSI setup used to image rat somatosensory expose cortex at 38 

spectral bands during a single 50-ms exposure. The 2D images for each 

wavelength were obtained using mapping reconstruction from dispersed 

light though a prism array; b) The changes in concentration of HbO2 and 

HHb were reconstructed using a Rytov tomographic algorithm to generate 

cross-sections of the haemodynamic response at different depths z in brain 

tissue after 4 seconds post-stimulus. From Konecky et al [127]. 

 

depletion of oxygen in the superficial cortex, followed by a reperfusion of oxygen-

ated blood in the same region. It could even derive by the different distribution of 

arterioles and venules in brain tissue layers, although the authors also suggested a 

potential technical limitation of the system to fully resolve the depth of the signals 

from the two chromophores. 

(a) 

(b) 
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The targeting of the exposed cerebral cortex of small animals using HSI has 

also been a preferential choice in several studies assessing haemodynamic response 

and brain tissue oxygenation during induced hypoxia and hyperoxia [138]–[140], 

due to the advantages illustrated in Sec. 2.3.2. Shonat et al [138] were among the 

first to use HSI with AOTF to study the haemodynamic variations in the exposed 

cortex of mice under different FiO2 levels, from normoxia (FiO2=21%), through 

moderate hyperoxia (FiO2=60%), to hypoxia (FiO2=10%). The AOTF permitted a 

rapid sequential acquisition of 12 wavelengths from 504 to 600 nm (5-nm band-

width and 8-nm increments) by filtering the reflected light before detection using a 

slow-scan CCD camera. The reflectance spectra were then used to calculate changes 

in the concentration of HbO2 and HHb using MBLL, and from these tissue SO2 

maps were derived. The results of these SO2 maps were ultimately compared with 

oxygen tension (PO2) maps obtained simultaneously via phosphorescence lifetime 

imaging: the magnitude of the expected increase in SO2 (as tissue oxygenation was 

varied from hypoxia, through normoxia, to finally hyperoxia) was found to match 

that of PO2, except for the final increment in SO2 during hyperoxia. This last change 

did not mirror the larger one found for PO2, possibly indicating that haemoglobin 

was close to saturation in the corresponding condition. 

HSI imaging of brain cortex tissue haemodynamics during neural activation has 

not been confined only to small animal imaging. Several attempts to apply hyper-

spectral approaches to the human exposed cortex are present in literature, primarily 

during epilepsy surgery [141]–[143]. Pichette et al [142] recently tested a proof-of-

concept snapshot HSI system combining a neurosurgical microscope with a com-

mercial hyperspectral camera for simultaneous detection of 16 spectral bands rang-

ing from 481 to 632 nm, with spectral resolution of about 15 nm (FWHM). This 

setup was utilised on a fully-exposed, adult human cortex before epileptogenic tis-

sue resection, at a frame rate of 20 fps and acquisition time of 40 ms per frame. The 

resulting changes in concentration of HbO2, HHb and HbT were calculated using 

MBLL together with a spectral unmixing algorithm, and provided haemodynamic 

monitoring of the resting metabolic state of human brain, as depicted in Fig. 2.13. 

Small changes in the haemodynamic response compared to the baseline were found, 

even in absence of any stimulus, and thus were attributed mainly to epileptic spikes, 
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as well as a combination of Mayer waves (periodic physiological signals coming 

from oscillation in arterial blood pressure) and vasomotion. 

Figure 2.13: In vivo intraoperative HSI of the haemodynamic response in human exposed 

cortex: the top-left image shows the RBG image of the cortex, while the re-

maining pictures present the maps of the calculated relative changes in the 

concentrations of HbO2, HHb and HbT (clockwise from the top-right). Con-

trast outside the major vessels (dark areas) was enhanced in order to highlight 

the small oxygenation changes in the capillary regions. The grey areas corre-

spond to eliminated saturated regions of pixels, due to specular reflection. 

From Pichette et al [142]. 

 

Using MBLL to map haemodynamic changes during brain metabolic activation 

is not the only approach to hyperspectral data processing that has been investigated. 

Multivariate analysis algorithms, such as principal component analysis (PCA) 

[144], [145] and independent component analysis (ICA) [146], have also been im-

plemented  for the reconstruction of hyperspectral images of brain haemodynamics, 

primarily to reduce the large amount of information that HSI provides. However, 

these types of statistical-based analyses are more technically familiar to applications 

of HSI in various fields outside of biomedical applications, such as agriculture and 

geography, as they typically do not provide any quantitative information and as-

sume linear mixing and additivity in the data, which generally do not reflect realis-

tically the non-linear spectral complexity of biological systems, such as the brain, 

and the mutual interactions of its components [147].  
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2.5.4 Monitoring of CMRO2 using HSI

2D hyperspectral measurement of brain haemodynamic response under metabolic 

activation provides high-resolution visual information about the current oxygena-

tion states of different cerebral regions, but fundamentally lacks the capability to 

quantify oxidative metabolism. Hyperspectral spatial mapping of changes in the 

concentrations of HbO2, HHb and HbT only assesses the distribution of oxygen in 

the brain at specific time frames, without determining the rate at which O2 is effec-

tively consumed in cerebral metabolism and also the rate at which it is consequently 

replaced to maintain continued fuelling of neural activity. The parameter that ac-

counts for brain oxygen consumption is CMRO2 and its calculation necessitates 

data about the CBF, as to quantify the amount of O2 that is transported into and out 

of specific activated brain regions over time. A 2D mapping of CMRO2 on the ex-

posed cortex represents effectively a measure of cerebral oxidative metabolism and 

its variations under different circumstances, due to its necessity of molecular oxy-

gen as an essential key element.  

CMRO2 is generally defined as the product between CBF and the cerebral ox-

ygen extraction (OE) factor, which is given by the net difference between cerebral 

arterial oxygen saturation (SaO2) and cerebral venous oxygen saturation (SvO2): 

CMRO2 = CBF(SaO2 − SvO2) . 

Both SaO2 and SvO2 depend on the measurement of other cerebral haemodynamic 

parameters, i.e. the concentrations of HbO2, HHb and HbT. Several models have 

been proposed over the years for expressing the correlation between CMRO2, hae-

modynamic parameters and CBF [148]–[150]. A general equation to derive the rel-

ative change ΔCMRO2 respect with a baseline CMRO2 was firstly established by 

Mayhew at al [150], [151], stating that 

∆CMRO2 + CMRO2

CMRO2
= 

(
∆[HHb]v + [HHb]v

[HHb]v
)(

[HbT]v
∆[HbT]v + [HbT]v

)(
∆CBF + CBF

CBF
)  . 

(2.31) 

(2.32) 
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In (2.32) [HHb]v and [HbT]v are the baseline concentrations in brain tissue of HHb 

and HbT in the localised venous compartment, while Δ[HHb]v and Δ[HbT]v are the 

corresponding time-dependent changes after metabolic activation. Similarly, CBF 

and ΔCBF represent the baseline value of the cerebral blood flow and its post-acti-

vation change, respectively. Assuming that the haemoglobin concentration changes 

in the venous compartment are proportional to those across all the brain vasculature, 

a more general and simplified formula can be derived as 

1 +
∆CMRO2

CMRO2
= 

(1 + 𝛾𝑟

∆[HHb]v
[HHb]v

)(1 + 𝛾𝑡

∆[HbT]v
[HbT]v

)

−1

(1 +
∆CBF

CBF
)  . 

γr and γt are factors correlating the haemoglobin baselines ([HHb]v and [HbT]v) and 

the haemoglobin changes (Δ[HHb]v and Δ[HbT]v) in the venous compartments with 

the corresponding baselines ([HHb] and [HbT]) and changes (Δ[HHb] and Δ[HbT]) 

in the whole vasculature, as 

𝛾𝑟 =
∆[HHb]v
[HHb]v

∆[HHb]

[HHb]
⁄  , 

𝛾𝑡 =
∆[HbT]v
[HbT]v

∆[HbT]

[HbT]
⁄  . 

As seen in the previous section, HSI systems are able to efficiently measure 

Δ[HHb] and Δ[HbT], yet they cannot provide direct quantification of CBF and its 

dynamic changes in response to brain metabolic demand. Therefore, combinations 

of HSI with other flowmetric imaging modalities capable of measuring in vivo CBF 

have been tested and investigated, as to simultaneously acquire data of all the rele-

vant quantities necessary for calculating CMRO2 using equation (2.33), thus as-

sessing oxidative metabolism during brain activation [125], [152]–[155]. Laser 

speckle contrast imaging (LSCI) [156] is one of the most suitable techniques to 

implement in a single system together with HSI. It takes advantage of the speckle 

random interference produced by laser light after it is scattered inside brain tissue. 

(2.33) 

(2.34) 
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2D detection of this scattered light produces images characterised by a granulose-

looking pattern, known as image speckle. When the scattering of the laser light is 

caused by moving red blood cells, then the image speckle fluctuates between im-

ages subsequently acquired over time at adequate frame rate. Hence, the rate of 

variation of the speckle pattern can be mathematically correlated with the time-var-

ying velocity of the red blood cells in each pixel, which can be used to image and 

quantify CBF at specific time points [157].  

Dunn et al [125] proposed an integrated system combining LSCI with the six-

wavelength HSI setup previously described in Sec. 2.5.3 and used it to calculate 

metabolic-related haemodynamic changes in the exposed cortex [128]. In addition 

to the filtered illumination at 560, 570, 580, 590, 600 and 610 nm, they also utilised 

an expanded laser diode to illuminate the exposed cortex of mice at 785 nm, as to 

generate the desired image speckle. In earlier studies [125], [152], the speckle con-

trast images were acquired with the same CCD camera utilised to collect also the 

hyperspectral intrinsic signal from HbO2 and HHb. With such configuration, the 

imaging system was repeatedly used to image the exposed somatosensory cortex of 

a mouse during tactile stimulations (either forepaw or whiskers). In the very first of 

these studies [125], only maps of the fractional changes in HbO2, HHb and CBF 

were calculated, as the ratio between the response integrated over 3-4 seconds after 

the stimulus and the corresponding pre-stimulus baseline. As depicted in Fig. 2.14a, 

the HSI-derived images localised the area of the cortex associated with the peak rise 

in HbO2 and CBF, although the climaxing of the latter covers a largely spread and 

less defined region. CMRO2 was calculated using equation (2.33), assuming unitary 

values for γr and γt. Its average temporal evolution over the activated area for all the 

duration of the stimulus was found to follow a similar trend to the haemodynamic 

response of HbO2. The same resulted for the time-variation of CBF, even though 

its response was about three times greater than that of CMRO2. 

In the second investigation involving the same system [152], also the spatial 

localisation and extent of the changes in CMRO2 were mapped (Fig. 2.14b) and 

compared with the other parameters, as a way to evaluate NVC in the brain during 

the functional activation. The peak responses of CMRO2, haemoglobin and CBF all 

showed a similar extension in the same activated region, with CMRO2 covering a  
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Figure 2.14: a) Fractional change maps of HbO2 (a), HHb (b) and CBF (c), obtained after 

HSI of the exposed cortex of a mouse during single whisker stimulation. 

Scale bar (in black) equal to 0.5 mm. The temporal trends of the response of 

HbO2, HHb, HbT, CBF and CMRO2 are also shown as averaged values (d) 

over the activation area. From Dunn et al [125]; b) Spatial extent of HbO2, 

HHb, HbT, CBF and CMRO2 superimposed on an image of the exposed cor-

tex of a mouse during forepaw stimulation. The responses have been aver-

aged around their peaking times and thresholded at 1/3 of their maximum 

values (A = anterior, L = lateral, scale bar = 1mm). From Dunn et al [152]. 

 

slightly larger area only in the preliminary phases of the stimulus onset. However, 

as in the previous investigation, the ratio ΔCBF/ΔCMRO2, indicating blood flow 

(a) 

(b) 
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consumption by metabolism, was found to be equal to 1.5 and 2 for the peak re-

sponses to whiskers and forepaw stimulation, respectively. The authors suggested 

that this discrepancy in the responses of CBF and CMRO2 supported the hypothesis 

of an uncoupling between cerebral oxidative metabolism and brain haemodynamics 

during activation, in accordance to the HSI results regarding NVC discussed in Sec. 

2.5.3. In addition, differently from the first study, the temporal trends of the percent 

changes in CBF and CMRO2 showed a prolonged plateau after the peaking of their 

respective responses.  

An important concern that was also targeted by the second study using the sys-

tem of Dunn et al [152] regards the dependency of the CMRO2 results on the as-

sumed values of the factors γr and γt. The effects of these vascular weighting con-

stants on the spatial extent of the metabolic and haemodynamic quantities were then

evaluated by varying γr and γt from 0.5 to 2, which represent the expected physio-

logical range of such factors [151]. Only a small percent change in the spatial extent 

of the CMRO2 response was estimated across the range of the γ factors, compared 

to the unitary solution (γr = γt = 1), thus implying a limited influence of the assumed 

vascular compartmentalisation on the estimate of cerebral oxidative metabolism.  

A second version of the aforementioned system was later developed and in-

cluded also a secondary CCD camera for separate acquisition of the laser speckle 

images. Such new setup was then applied to image and monitor the metabolic and 

haemodynamic states of the exposed mouse cortex during induced focal cerebral 

ischaemia [153]. Since such acute hypoxic conditions resulted in much larger rela-

tive variations in both CBF and in the concentrations of HbO2 and HHb, compared 

to those associated with functional activation, a first-order linear approximation of 

the non-linear system derived from MBLL in (2.29) was found to lead to significant 

errors in the calculations of the haemodynamic response. The results of the MBLL 

application were compared with numerical simulations accounting for the large in-

crease of the photon pathlengths (more than 60%) in the ischaemic core, in com-

parison with their corresponding baseline values. Overestimation of the decrease in 

the concentration of HbO2 during acute ischaemic-hypoxia was demonstrated, con-

trarily to the predicted numerical change. On the contrary, a non-linear fitting algo-

rithm minimising the difference between the measured light reflectance and that 
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predicted through a perturbation MC model showed better accuracy and consistency 

with the simulated results. Subsequently, extensive decrements in HbO2, CBF and 

CMRO2 were localised in the ischaemic core right after the onset of the acute hy-

poxic conditions, while HHb increased as expected. A further reduction in all the 

haemodynamic quantities and in cerebral oxidative metabolism was also reported, 

spreading first to the ischaemic penumbra and then to the non-ischaemic areas. Per-

sistent reduction in CMRO2 progressed as ischaemia is maintained, even in the ar-

eas unaffected by direct hypoxia. However, small residuals of metabolic activity 

were found to persist across the imaged cortex. The removal of the hypoxic condi-

tions, allowing brain tissue reperfusion, resulted in a recovery of all the metabolic 

and haemodynamic parameters, although not back to pre-ischaemia levels. Calcu-

lated CMRO2 values after reperfusion remained below those of the baseline before 

the hypoxic onset, thus implying a potential irreversible suppression of the meta-

bolic activity of the affected brain tissue.  

In conclusion to this section, it is worth mentioning a methodology proposed 

by Boas et al [58] for indirectly estimating the variation of CMRO2 during meta-

bolic activation using only measured changes in HbO2 and HHb derived from opti-

cal data, i.e. without the need of CBF measurements. Such approach is based on the 

Windkessel model [158] that relates changes in CBF to changes in cerebral blood 

volume (CBV). From the model, it is then possible to estimate the CBF response 

following brain activation from optical measurements of the changes in the concen-

tration of HbT and under the assumption that during the haemodynamic response: 

Δ[HbT]/[HbT] = ΔCBV/CBV. The approach was applied and validated using hu-

man fNIRS data measured at two wavelengths (682 and 830 nm) during motor stim-

ulation. Although the methodology was shown to produced estimates of CMRO2 in 

the same range of parallel experimental findings in literature, it also appears to show 

limitations in its accuracy. In particular, the optical approach was unable to discrim-

inate between a tight coupling of the variations of CMRO2 with changes in CBF 

and null changes in CMRO2 during the metabolic activation. Therefore, the authors 

recommended better information concerning the relationship between cerebral flow 

and volume in order to address these issues. Anyway, no applications of the afore-

mentioned method to HSI has been found so far in literature. 
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2.5.5 Fluorescence HSI of brain metabolism

Besides the previously reviewed HSI of cerebral oxygenation, haemodynamics and 

oxidative metabolism, an alternative approach to hyperspectral in vivo monitoring 

of brain metabolic activity and functioning consists in directly focusing on mito-

chondrial energetics and ATP production in the neurons. Instead of targeting hae-

modynamics parameters, such as the different states of haemoglobin and the CBF, 

the optical properties of different compounds involved in neuronal energy produc-

tion can be exploited, in order to assess and quantify metabolism by measuring the 

changing in the redox states of such molecules during cellular respiration.  

From the analysis of the existing literature, it has emerged that HSI of cellular 

metabolites is not as widespread as the previously discussed approaches. Nonethe-

less, it has the unique capability to provide a specific insight to the molecular pro-

cesses on which the cerebral metabolic activity is based on and by which is funda-

mentally driven. Thus, it can be seen as a future promising direction in the applica-

tion of biomedical hyperspectral monitoring to the metabolism of the living brain, 

particularly if coupled with the complementary information provided by the simul-

taneous imaging of cerebral haemodynamics and tissue oxygenation.  

Fluorescent endogens have been imaged through hyperspectral methods, yet 

with very few in vivo applications and none regarding the living brain. Nonetheless, 

HSI setups have been presented and tested, showing the capability of simultaneous 

imaging of multiple endogenous fluorophores and thus opening to the possible im-

plementation and extension in the future of such methodology, specifically for cer-

ebral metabolic monitoring. 

Flavoproteins (FAD/FADH2) and NADH represent the most targeted intrinsic 

biomarkers of mitochondrial metabolism in the cerebral cortex, due to their auto-

fluorescence properties. The reduced form of NADH shows maximum light absorp-

tion in the range 320-380 nm, peaking at 365 nm, and it emits fluorescent light 

between 420 and 480 nm, with a maximum centred at 450 nm [61], [159]. Since, 

its oxidised form NAD (also known as NAD+) provides a negligible contribution to 

light absorption in the aforementioned range, it is possible to selectively excite 

NADH with UV light with the aim of detecting the following fluorescent emission 

[59]. Variations in the intensity levels of the detected fluorescence indicate changes 
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in the concentration of the reduced state NADH associated with the rate of produc-

tion of ATP in the neuronal mitochondria. A reduction in the detected fluorescent 

emission is typically linked to a decrease in the concentration of NADH, due to its 

oxidation in the ETC, after cerebral metabolic activation that leads to higher energy 

demand by the brain. It has been demonstrated that contribution of mitochondrial 

NADH is 6 to 8 times greater than that of NADH in cytoplasm, thus specifically 

connecting NADH fluorescence to the process of ATP synthesis [160]. During hy-

poxic conditions, NADH fluorescence and concentration show general increases, 

reaching a maximum level under complete oxygen deprivation and acute ischaemia 

when oxidative phosphorylation is largely suppressed. On the contrary, brain hy-

peroxia produces a decrease in NADH due to increased oxygen supply, in the same 

way as during functional activation [159]. 

Similar to NADH, FADH2 is also actively involved in mitochondrial energetics 

as an electron donor in the electron transport chain. However, it is its oxidised form 

FAD that exhibits fluorescence properties with emission in the range 500-560 nm, 

peaking at around 520 nm, while its absorption spectrum reveals two prominent 

bands for excitation: one between 320 and 390 nm, the other between 430 and 500 

nm, even though the second one is the most exploited [61], [161]. The response of 

FAD fluorescence emission to functional activation has been demonstrated to be 

biphasic [162]–[165]: a brief (1-2 seconds) increase in fluorescence intensity (light 

phase), corresponding to the onset of the stimulus, is generally followed by a much 

slower decrease (dark phase) in detected light within few seconds after the termi-

nation of the stimulus. In case of hypoxic conditions, when metabolic activity re-

duces due to lack of oxygen, relative changes in FAD fluorescence emission be-

come evident only after significant deficiency of tissue oxygenation (FiO2 ≤10%), 

showing a decrease in the fluorescent signal [166].  

Relative differences in the fluorescence emissions of FAD and NADH com-

pared to basal levels (resting state of the brain) can then be imaged in order to lo-

calise the sites of metabolic activation and quantitatively monitor mitochondrial en-

ergy production in the brain. It has been found that the detectability of the autofluo-

rescence signal is substantially larger (per unit of concentration) than that of the 

intrinsic optical reflectance signal of haemoglobin associated with haemodynamics 
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and tissue oxygenation. The fluorescence response also shows a faster temporal 

course than the haemodynamic one [163], [165]. Moreover, the signal strength and 

the spatial resolution of the haemodynamic response typically vary across different 

regions of the brain according to the density of the vascular bed in each area, while 

the fluorescence response can be used to specifically identify metabolic changes 

with higher accuracy and independently on vasculature distribution [164].  

It is also possible to combine information provided by the two different fluo-

rescence signals of FAD and NADH when the two indicators are measured simul-

taneously: the ratio between the fluorescence intensity of the oxidised FAD and the 

fluorescence intensity of the reduced NADH is commonly called fluorescence re-

dox ratio and provides assessment of the overall oxidation-reduction state in the 

mitochondria during metabolic activity. A reduction in such redox ratio commonly 

indicates an increase in cellular metabolic rate in response to a stimulus or during 

specific conditions [167], [168]. 

Fluorescence imaging of the living brain has been widely investigated by meas-

uring the integrated emission intensity over relatively broad ranges of detected 

wavelengths, yet mostly without using any spectral information regarding the de-

tected light. Nonetheless, applications of HSI to the detection of the fluorescence 

signals emitted by FAD and NADH in the living brain can provide multiple ad-

vantages to the approach, by improving its quantitative accuracy and potentially 

enabling image multiplexing, i.e. the simultaneous monitoring of both the two 

aforementioned molecules and even of other chromophores (HbO2 and HHb among 

others) relevant to metabolism [169], [170]. Furthermore, analysis of the fluorescent 

spectra can be used for depth discrimination and localisation of the sources [170].  

In vitro and ex vivo studies have been performed using HSI to target fluorescent 

metabolites in brain cells and cerebral tissue [171]–[173], although in vivo brain 

functional studies have not been found in the current literature. Diverse proposed 

HSI systems have been characterised for detection of fluorescence and have shown 

potential fitness to target multiple endogenous fluorophores, such as FAD and 

NADH, with high spatial and spectral resolution performances [172]–[177]. For 

example, Gao et al [175] proposed a hyperspectral snapshot system for fluorescence 

imaging, capable of simultaneously acquiring 25 wavelength bands with 5.6-nm 
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spectral resolution and 0.45-μm spatial resolution. Snapshot acquisition was ob-

tained through the use of an image slicer mirror assembly. The HSI system was 

tested on phantom models containing fluorescent beads of diameter equal to around 

2.5 μm and fluorescence emission peaks centred at 520 nm, corresponding to the 

same maximum of FAD.  

For future in vivo brain applications of the kind of technology reported in the 

previous example, the exposed cortex of small animals could be again the prefer-

ential target for HSI of fluorescent metabolites, since the near-UV and visible range 

is involved in both the excitation and the emission processes. However, the use of 

short-wavelength illumination is also the cause of one of the primary issues con-

cerning in vivo fluorescence imaging of NADH and FAD. In addition to the low 

penetration depth in the cortex, the use of UV light below 400 nm (in the case of 

excitation of NADH) can also generate significant damage to the illuminated tissue. 

To overcome this problematics, a combination of HSI with another optical fluores-

cence technique, called two-photon fluorescence imaging, may be advantageous 

[13], [178]. Two-photon fluorescence imaging is based on the use of high-output 

pulsed lasers emitting NIR light: when a sufficiently high photon flux is achieved, 

it is possible that two of the lower-energy NIR photons emitted in quick succession 

in such way are absorbed simultaneously by the targeted fluorophore via a non-

linear excitation process. Consequently, the compound would emit fluorescence as 

if it was excited in the usual way. This kind of technique allows NIR excitation of 

FAD and NADH with higher tissue penetration and eliminating the use of UV light 

[179]. Hyperspectral approaches to two-photon fluorescence imaging are currently 

investigated [177], [180]–[182], opening to the possibility to move such technology 

also towards in vivo applications to brain metabolism. 

In addition to the previously described endogenous fluorophores, HSI could 

also be potentially applied to target fluorescence signals from exogenous substitutes 

of important compounds involved in cellular energetics. Among these, one of the 

most promising could be 2-NBDG, a fluorescent analogue of deoxyglucose with 

emission around 550 nm, when excited at 475 nm [183]. This compound has been 

indeed used to monitor in vivo cerebral glucose uptake in the brain [184]. However, 

no applications of HSI to such specific contrast agent have been found in literature. 
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2.5.6 HSI of metabolic activity via CCO

When the use of NIR light for biomedical applications was first proposed by Jöbsis 

[5], the foremost intention of the approach was to measure in vivo tissue changes in 

the redox states of CCO, due to its fundamental role in metabolism. Following that 

milestone study, bNIRS technologies and methodologies have been used to specif-

ically exploit the absorption properties of such chromophore, in order to quantify 

directly and non-invasively cerebral metabolic activity in both small animals and 

humans. Indeed, bNIRS has shown the capability to combine information provided 

by CCO with the complementary and more extensively investigated haemodynamic 

response (from the measurements of HbO2 and HHb) [6], [185]. In particular, CCO 

is an especially suited biomarker for functional imaging of the brain, since its con-

centration in this organ is far higher than in other extracerebral tissues [186]. 

The advantage of using the NIR window to target CCO (specifically the optical 

signature of its copper CuA redox centre between 780 and 900 nm [187]) derives 

from the characteristics of the molar extinction spectra of its corresponding oxidised 

(oxCCO) and reduced form (redCCO), as shown in Fig. 2.15.  

Figure 2.15: Difference molar extinction spectrum of CCO (in solid green) in the NIR 

range, equal to the difference between the molar extinction spectra of oxCCO 

(in dashed green) and redCCO (in dotted green), and compared to the molar 

extinction spectra of HbO2 (in red) and HHb (in blue). The values for HbO2 

and HHb are taken from Matcher et al [114], while those for oxCCO and 

redCCO were measured by John Moody at the University of Plymouth in the 

bovine heart and those for diffCCO were measured in vivo at UCL [6]. 
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Since the total concentration of CCO varies insignificantly over relatively short pe-

riods of time (in the order of hours, thus much longer than the typical time trends 

of cerebral metabolic activation), it has been demonstrated [6] that the difference 

absorption spectrum between oxCCO and redCCO (Fig. 2.15), combined with the 

measured changes in NIR light attenuation in brain tissue, can provide direct infor-

mation about the relative variations in CCO redox states in vivo. Notably, relative 

changes in the concentration of oxCCO can be determined from the knowledge of 

εdiffCCO (λ) = εoxCCO (λ) – εredCCO (λ), i.e. the oxidised-reduced difference between the 

molar extinction coefficients of CCO (the opposite can be done for assessing 

changes in redCCO). As in the case of the haemodynamic response, the same 

MBLL approach in (2.29) can then be implemented to calculate these relative 

changes Δ[oxCCO] in the concentration of the oxidised species of CCO by simply 

assimilating εdiffCCO (λ) into the extinction coefficient matrix and then solving the 

system of algebraic equations also for Δ[oxCCO] as a third unknown variable. 

As described in Sec. 2.4.3, the oxidation of CCO is directly correlated to pro-

duction of ATP during cellular respiration. Therefore, variations in the concentra-

tion of oxCCO indicate alterations of the rate of metabolic energy production in the 

brain. An increase in the relative concentration of oxCCO typically corresponds to 

an increment in cerebral metabolism, for instance during functional activation and 

response to stimuli [188]–[190]. Oxidation of CCO is also affected by brain oxygen 

supply [191]: during hypoxic conditions, oxCCO response generally presents a de-

crease in concentration [118], [186], [192], while an increase is typically associated 

with hyperoxia [193]. However, CCO is not tightly couple with haemodynamics, 

due to its specificity to cellular metabolism, as well as its dependency on the avail-

ability of electrons for the ETC [191].  

Several challenges arise for differentiating between the signals associated to 

oxCCO and those associated with HbO2 and HHb, primarily due to the lower con-

centration of CCO in the brain (as well as in any other tissue, in general) compared 

to the two states of haemoglobin. Even though this is partially compensated by the 

higher values of the molar extinction coefficients in the NIR regions, as evident in 

Fig. 2.15, the overall maximum contribution of CCO to the measurable optical sig-

nal is typically an order of magnitude lower than the contribution of HbO2 and HHb 
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[6]. As a result of this, it is generally difficult to separate the signal due to oxCCO 

changes from that related to the two haemoglobin species by just using few selected 

wavelengths. With limited spectral information, changes in the two haemoglobin 

species can hide the signal from oxCCO or even create false positives. Such spuri-

ous outcomes are commonly called crosstalk, i.e. variations in the measured con-

centration of oxCCO that do not correspond to real changes in the brain, but only 

arises from changes in another chromophore (typically HHb) [6]. Therefore, the 

relatively low signal associated to CCO and the broad shape of its spectral peak in 

the NIR region (Fig. 2.15) make any optical measurement with few selected wave-

lengths greatly sensitive to crosstalk, low SNR and inaccuracy in the quantification 

of brain metabolism and haemodynamics. On the other hand, it has been demon-

strated [114], [194] that the use of a high number of wavelengths sampling the entire 

range of the peak of the difference spectrum of CCO (from 780 to 900 nm) signifi-

cantly reduces the occurrence of the abovementioned issue and considerably im-

proves the quality of the data.  

bNIRS is currently used to monitor in vivo brain metabolism via targeting of 

HbO2, HHb and oxCCO, providing large spectral coverage and spectral resolution 

in order to achieve reliable quantification of cerebral metabolic activation in differ-

ent situations, from functional stimulation to response during oxygen-dependent 

conditions. Although bNIRS analysis does not provide direct wide-field imaging 

information, as for the case of NIRS topography and DOT (described in Sec. 2.3.1), 

recent attempts to spatially mapping brain metabolic activity have been published, 

using multichannel broadband spectroscopy as to topographically and even volu-

metrically resolve changes in CCO and haemodynamics across different regions of 

the cerebral cortex [12], [195], [196]. For instance, Brigadoi et al [196] imple-

mented a DOT approach to reconstruct the broadband spectroscopic data measured 

at fourteen different spatial locations of the left occipital cortex of human subjects 

during visual stimulation. The measurements were accomplished non-invasively 

through multiple-source illumination of the head with white light and detection of 

the corresponding attenuation spectra. Seventeen discrete wavelengths from 740 to 

900 nm at intervals of 10 nm were then chosen for the reconstruction, as to limit 

computational encumbrance. Tomographical maps were obtained for HbO2, HHb 
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and oxCCO showing their corresponding relative changes in concentration at dif-

ferent time points during and after the visual stimulus. As reported in Fig. 2.16, the 

typical haemodynamic response to functional activation was localised in the cortex, 

derived from changes in HbO2 and HHb. The spatial and temporal variation of ox-

CCO was found similar to that of HbO2, though with lower magnitude in the con-

centration increase following the stimulation.  

Figure 2.16: Volumetric reconstruction of spatially-resolved changes in the relative con-

centrations of HbO2 (first row), HHb (second row) and oxCCO (third row) 

in the left occipital cortex of human brain during visual stimulation. The tem-

poral variations of both the haemodynamic and metabolic responses were 

monitored at 2, 10, 20 30 and 40 seconds after the stimulus. The data were 

obtained using bNIRS at multiple channels across the investigated brain re-

gion. From Brigadoi et al [196]. 

 

The spatially-resolved spectroscopic approach of bNIRS to the measurement of 

oxCCO as an indicator of brain metabolism could be extended to 2D imaging, and 

HSI has the potential to be the most suitable candidate for such solution. In this 

perspective, HSI can be seen as the multidimensional equivalent of bNIRS, where 

every pixel of the image is associated with the corresponding spectral information. 

The capability of HSI to utilise multiple narrow wavelength bands in the visible and 

NIR range could be used to accurately discriminate the signal from oxCCO and 

simultaneously also monitor the signals from haemoglobin. From that, spatial dis-

tribution of the changes in the concentration of these chromophores can be moni- 
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tored, thus providing a complete insight in the metabolic activity of the brain. More-

over, thanks to the NIR optical window in tissue and the smaller presence of CCO 

in the scalp and skull, compared to the cerebral cortex, HSI monitoring of brain 

metabolism could possibly be performed also non-invasively in vivo on humans.  

Currently, only a single article was found in the literature, by Yin et al [139], 

presenting a hyperspectral approach to the invasive in vivo imaging of CCO in the 

brain, although only visible light was measured (no use of NIR light was involved), 

by targeting solely the spectral signature of its haems centres (collectively known 

as cytochrome aa3) in the exposed cerebral cortex. The article reported a very com-

prehensive study on the simultaneous HSI of haemodynamic response, mitochon-

drial metabolism and scattering changes in the exposed parietal cortex of rats during 

cortical spreading depression (CSD), which is a particular condition likely to occur 

in the brain following ischaemia. The system used in the study was composed of a 

white light source and CCD camera mounted on a microscope, while LCTF were 

employed to acquire images at nine different wavelengths (450, 470, 500, 530, 550, 

570, 600, 630 and 650 nm). Six signals were resolved in the hyperspectral images, 

corresponding to the optical absorption of HbO2, HHb (for haemodynamics), re-

duced CCO (referred in the article as Cytaa3-R), FAD and cytochrome c (for me-

tabolism), plus variations in light scattering due to CSD. Cytochrome c represents 

another chromophore which is oxidised by CCO during ETC. Each concentration 

change was calculated using MBLL with MC estimation of the photon pathlengths. 

The main purpose of the study was to estimate the relative contributions of each of 

these signals to the overall measured attenuation, in order to evaluate accuracy in 

the quantification of the haemodynamic response during CSD. However, the study 

was able to provide for the first time hyperspectral spatial mapping of redCCO in 

the exposed cortex, as shown in Fig. 2.17. The absorption peaks of CCO in the 

visible range at about 444, 605 and 650 nm were targeted by the system, although 

such approach is more prone to crosstalk than using NIR light, due to the increasing 

influence of haemoglobin absorption in the extinction spectrum and to other species 

of cytochrome having predominant absorption peaks below 600 nm. Furthermore, 

no accounts for the fluorescence emission of FAD was considered. The metabolic 

response associated with redCCO (which has an opposite trend than oxCCO) 



 

100                                                 Chapter 2. Background                                                    

       

showed an increase in its relative concentration followed by a smaller decrement 

before returning to baseline, corresponding to drop in cerebral metabolism and sub-

sequent recovery during and after CSD. The peaking of the response of redCCO 

was also found to be almost synchronised with the haemodynamic response, as well 

as with the maximal variations of the other two metabolites and of the scattering. 

Figure 2.17: Spatial mapping of the relative changes in concentration of HbO2 (first row), 

HHb (second row), scattering (third row), reduced cytochrome c (fourth 

row), redCCO (fifth row) and FAD (sixth row) in the exposed cortex of a rat, 

at different temporal intervals during and after CSD. The top-right figure rep-

resents the reflectance image at 570 nm. Scale bar (in white) equal to 0.5 mm. 

From Yin et al [139]. 

 

In conclusion, the application of HSI to metabolic monitoring of the brain via 

measurement of the redox states of CCO can represent a future direction in the use 

of such technology for imaging cerebral metabolism, especially non-invasively and 

with the possibility to simultaneously perform multiplexing evaluation of other sig-

nificant compounds, as just discussed analysing the previous exemplary study.  

 



Chapter 3 

 

Computational modelling of HSI 

 
The use of HSI to target the redox states of CCO is a promising approach to high-

resolution monitoring and mapping of cortical metabolism, due to its capability of 

imaging at several contiguous wavelength bands with high spectral resolution. 

However, although the application of HSI to the exposed cerebral cortex for imag-

ing haemodynamics and oxygenation has been demonstrated and established (as 

seen in Sec. 2.5.3), only one study [139], reviewed in Sec. 2.5.6, has been reported 

in literature that targets CCO (in its reduced form) using only visible light. Further-

more, no hyperspectral system was found in literature that effectively shows the 

capability to measure optical signal from cerebral CCO using also NIR light. There-

fore, the design and development of a novel bespoke HSI system is required to 

achieve the aims of this thesis work. 

Considering all the above factors, computational investigations and assess-

ments of the potential use of HSI to resolve in vivo haemodynamic and metabolic 

responses in the exposed brain cortex are required to evaluate feasibility and per-

formances of this approach. These computational models can also be significantly 

helpful for properly designing an optimal HSI setup, whose characteristics enable 

imaging of haemodynamics and metabolism of the brain cortex experimentally. 

The present chapter describes the development of a MC computational optical 

framework for simulating realistic HSI of cortical haemodynamics and metabolism. 

This approach is used to investigate the capability of using HSI in the visible and 

NIR range to quantitatively map and measure changes in concentrations of HbO2, 

HHb and oxCCO, by simulating a realistic portion of mouse brain cortex (created 

from an in vivo image) during variations from cerebral normoxia to acute hypoxia. 

In particular, the computational analysis focuses on: (1) assessing the capacity of 
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HSI to reconstruct spatial maps of metabolic and haemodynamic activity; (2) eval-

uating the accuracy of HSI in quantitatively estimating relative changes in the con-

centrations of HbO2, HHb and oxCCO; (3) investigating what is the optimal selec-

tion and number of wavelength bands to use for HSI to simultaneously image HbO2, 

HHb and oxCCO; (4) studying the effects, influence and magnitude of crosstalk 

and partial pathlength effects affecting the haemoglobin and oxCCO signals. Cross-

talk has been defined (in Sec. 2.5.6) as the erroneous measured change in the con-

centration of a chromophore that is induced by the genuine concentration change of 

another chromophore [6]. Conversely, partial pathlength effect is defined as the er-

roneous measured change in a chromophore concentration due to large variance in 

the photon pathlengths or to incorrect estimates of the latter [6], [197], [198].  

Lastly, an alternative hyperspectral illumination and detection configuration, as 

well as different data processing methods, are also explored and tested to find which 

could be the ideal HSI methodology to efficiently and reliably monitor haemody-

namics and metabolism in the exposed cortex.  

The development of a reliable MC optical framework for simulating HSI hae-

modynamic and metabolic monitoring of the exposed cortex does not have the sole 

purpose of aiding the design and creation of an optimal physical setup: it can also 

provide an essential tool to be utilised during hyperspectral data acquisition. For 

example, the MC framework can be used to estimate information about the spatial 

distribution of the detected photon pathlengths PL (λ), which is needed for the ap-

plication of MBLL to quantify cortical haemodynamics and metabolism. Further-

more, the framework can also aid image reconstruction and quantification, as it will 

be demonstrated later in this chapter.  

To the author’s knowledge, no MC computational analysis has been published 

before in the literature, to reproduce wide-field HSI targeting the changes in HbO2, 

HHb and oxCCO. Thus, the creation of the abovementioned MC framework of HSI 

represents a novel and innovative computational approach for this specific applica-

tion and also of the MMC package itself, in particular regarding the simulation of a 

high number of wavelengths and the implementation of 2D sources and detectors 

for replicating imaging configurations. 

Sections and figures of the journal article in [199] by L. Giannoni et al have 
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been modified and adapted to form parts of this chapter, with reprint permission 

under CC BY 4.0 License. 

 

3.1 MC framework simulating cortical HSI 

MC models of light transport and diffusion in biological tissues have been intro-

duced in Sec. 2.2.4, highlighting among their peculiar benefits: (1) the capability to 

track single photon histories, and (2) the ability to efficiently simulate arbitrarily 

complex and heterogeneous domains. Both these characteristics are key points for 

the development of a computational approach to HSI of the exposed cortex, due to 

the necessity of simulating and retrieving information about the optical pathlengths 

of the photons in tissue, as well as of mimicking structures like blood vessels in the 

brain cortex. Therefore, considering the abovementioned requirements, an MC 

methodology was preferred in this thesis work to other numerical methods (such as 

FEM), in order to computationally model HSI of the haemodynamic and metabolic 

states of the exposed cerebral cortex. 

 

3.1.1 Mesh-based Monte Carlo

The Monte Carlo HSI framework has been developed using Mesh-based Monte 

Carlo (MMC) and iso2mesh packages. MMC is an open-source MC solver for pho-

ton migration in 3D turbid media, originally developed by Q. Fang et al [28], [200]–

[202]. Differently from other existing MC software packages, either designed for 

layered (such as MCML [26]) or voxel-based media (e.g. MCX [203] and tMCimg 

[204]), MMC can represent a complex domain using a volumetric mesh with trian-

gular surfaces. This modelling technique greatly improves the accuracy of the so-

lutions when modelling objects with curved and complex boundaries, as well as 

providing an efficient way to sample the problem domain. Thanks to that and to the 

use of a fast-ray tracing algorithm using Plücker coordinates for rapidly calculating 

tetrahedron intersections, MMC is also able to efficiently speed up computational 

time and use less memory during simulations [28]. MMC is coupled with a mesh-

generation and processing toolbox called iso2mesh [205], [206], used to create a 

volumetric meshed domain that replicates the geometry and structure of cerebral 
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tissue and vasculature from a 2D in vivo image of the exposed cortex. Finally, recent 

releases of the MMC package have implemented the capability to also simulate ar-

bitrary wide-field sources and detectors over large surface areas using mesh re-tes-

sellation algorithms with high computational efficiency [201], [207]. This aspect is 

crucial for the simulation of HSI, due to the requirement of accurate and reliable 

representation of 2D illumination and detection patterns that are characteristic of 

this optical imaging technique. 

 

3.1.2 Geometry and optical properties of the MC domain 

The MC framework implements a methodology to produce a realistic tetrahedral-

mesh heterogeneous domain of a section of the exposed cerebral cortex of a mouse 

(including cortical vasculature and surrounding brain tissue) from a 2D greyscale 

image acquired in vivo using a conventional CCD or any other 2D imaging detector. 

The workflow diagram describing this methodology is illustrated in Fig. 3.1. 

For the computational investigations presented in this chapter, one of the spec-

trally-averaged greyscale images of the exposed cortex from Sec. A.4 of Appendix 

A was used. The image was cropped from 1000x1000 pixels to 400x400 pixels, to 

encompass a 1.2x1.2 mm FOV of the surface of the brain of a mouse. The greyscale 

image is first manually segmented to obtain a binary mask that differentiates be-

tween cortical blood vessels and the surrounding brain tissue. This was done using 

the image segmentation freeware software Sefexa [208]. A 3D binary volume of 

the cortical vasculature (1.2x1.2x0.1 mm) is then generated by expanding the mask 

along the vertical direction, while symmetrically eroding the sections of the vessels 

from the central plane. This is done to replicate the curvature of the vascular geom-

etry. The 3D binary volume of the vasculature is then converted into a meshed vol-

ume using iso2mesh, constituting the first medium of the final domain. The vascu-

lature volume is the encased in a 2.4x2.4x1 mm slab reproducing the surrounding 

homogeneous mouse cerebral grey matter: this includes neurons, as well as micro-

vasculature and capillaries (the microvasculature bed were deemed too small and 

deep in the brain to be geometrically meshed as a separate medium, as this would 

not be spatially resolved). The extra layers added to the 1.2x1.2 mm FOV have the 

purpose of minimising boundary effects during the MC simulations. 
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Figure 3.1: Workflow diagram of the methodology used in the Monte Carlo HSI frame-

work to create a 3D meshed domain of the exposed cortex from an in vivo 2D 

image, from manual segmentation to final hyperspectral configuration. 
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Both media in the domain are defined by their geometry, as well as by the as-

sociated optical properties (absorption coefficient µa, scattering coefficient µs, ani-

sotropy g and refractive index n). The medium that replicates the mouse cerebral 

grey matter is considered to be made of water (H2O), lipid (fat), different concen-

trations of HbO2 and HHb (according to the fraction of blood and oxygen saturation 

level in the tissue), and of oxCCO and redCCO. The medium reproducing both ma-

jor and minor vessels (about 100 µm and 20 µm in diameter, respectively) includes 

water, fat, as well as HbO2 and HHb in different concentrations, according to the 

oxygen saturation value selected for the vasculature. The composition and the opti-

cal properties of the two media are based on equations and reference data from S. 

L. Jacques [16]. Standard values, characteristic of general biological tissues, are 

assumed for the anisotropy and the refractive index of all the media of the domain, 

setting g equal to 0.9 and n equal to 1.365 [4]. The scattering coefficient µs (λ) is 

considered to be dependent only on the given wavelength λ of the incident photon 

packet and it is calculated from the reduced scattering coefficient µ's (λ), as [16] 

𝜇′𝑠(𝜆) = 𝑎 (
𝜆

500 (𝑛𝑚)
)
−𝑏

 . 

The values of a and b are assumed the same for both media in the domain and are 

specific for mouse cerebral cortex, with a standing at 1.09 mm-1 and b equal to 

0.334 [16]. The reduced scattering coefficient µ's (λ) calculated from equation (3.1) 

is then related to the scattering coefficient µs (λ) from (2.8), as 

𝜇𝑠(𝜆) =
𝜇′𝑠(𝜆)

(1 − 𝑔)
 . 

The absorption coefficient µa (λ) of each medium of the simulated domain is 

estimated as the sum of the single absorption coefficients, at the given wavelength 

λ, of the major chromophores composing the medium and weighted accordingly to 

their volume content in it, as from (2.4). Therefore [16]:  

µ𝑎(𝜆) = 𝑊µ𝑎,H2O(𝜆) + 𝐹 µ𝑎,fat(𝜆) + µ𝑎,HbO2
(𝜆) + µ𝑎,HHb(𝜆)

+ µ𝑎,oxCCO(𝜆) + µ𝑎,redCCO(𝜆) . 

(3.1) 

(3.2) 

(3.3) 
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W and F are the water and fat volume contents in the given medium, respectively, 

while μa,H2O (λ), μa,fat (λ), μa,HbO2 (λ), μa,HHb (λ), μa,oxCCO (λ) and μa,redCCO (λ) are the 

absorption coefficients of water, fat, HbO2, HHb, oxCCO and redCCO, respec-

tively. The data for μa,H2O (λ) and μa,fat (λ) in the visible and NIR range are taken 

from Matcher et al [209], for water, and van Veen et al [210], for fat (all reported 

in Tab. B.1 of Appendix B). The values of μa,HbO2(λ), μa,HHb(λ), μa,oxCCO(λ) and 

μa,redCCO(λ) are calculated from the molar extinction coefficients εHbO2 
(λ), εHHb (λ), 

εoxCCO (λ) and εredCCO (λ) of HbO2, HHb, oxCCO and redCCO, respectively, as from 

(2.3). In particular, for the oxCCO and redCCO contributions, this is done accord-

ing to their selected molar concentrations [oxCCO] and [redCCO] in the given me-

dium, as 

µ𝑎,oxCCO(𝜆) = ln(10)[oxCCO]𝜀oxCCO(𝜆)  , 

µ𝑎,redCCO(𝜆) = ln(10)[redCCO]𝜀redCCO(𝜆)  . 

For the contributions of HbO2 and HHb, the average molar concentration of hae-

moglobin [Hb] in blood, the content B of blood in the specific medium and the 

oxygen saturation S are taken into account. Thus: 

µ𝑎,HbO2
(𝜆) = 𝐵 𝑆 [Hb]𝜀HbO2

(𝜆) , 

µ𝑎,HHb(𝜆) = 𝐵(1 − 𝑆)[Hb]𝜀HHb(𝜆) . 

The molar extinction coefficients εHbO2 
(λ)  and εHHb (λ) of HbO2 and HHb are taken 

from Prahl [113] for the visible range and from Matcher et al [114] for the NIR 

range, respectively, while the molar extinction coefficients εoxCCO (λ) and εredCCO (λ) 

of oxCCO and redCCO were measured by John Moody at the University of Plym-

outh in the bovine heart [6]. These molar extinction coefficients are all reported in 

Tab. B.1 of Appendix B. 

The meshed domain of a section of mouse brain cortex is then integrated with 

a wide-field planar source for hyperspectral illumination at numerous wavelengths. 

The 2D source has dimensions equal to 0.6x0.6 mm and is centred on the slab. It is 

also parallel to the top surface of the meshed domain, at a distance from it equal to 

(3.4) 

(3.5) 
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0.5 mm. The photon packets at each given wavelength λ are launched from the sur-

face of the planar source and evenly distributed over a 1.2x1.2 mm central section 

of the top surface of the domain, covering the meshed vasculature entirely, with a 

beam divergence of 90°. The MMC package implements the wide-field illumination 

source by mesh re-tessellation, creating an additional meshed medium between the 

source and the main domain, having the same optical properties of air (µa (λ) and µs 

(λ) equal to 0 mm-1, while g and n equal to 1) [201], [202], [207].  

Finally, the Monte Carlo HSI framework takes into account also the detection 

and recording of information regarding the simulated photon packets by placing a 

1.2x1.2 mm 2D detector at the top surface of the mouse cortex domain, coextensive 

with the illumination field from the source. This provide a 1.2x.1.2 mm FOV en-

compassing the entire meshed vasculature (Fig. 3.2). The choice of locating the 

detector precisely on the surface area of the domain has the advantage of maximis-

ing the solid angle between the reflected photons and the detector, and thus the 

geometric detection efficiency of the configuration. This approach is not fully real-

istic though, as it neglects the fraction of light that would be loss due to the distance 

between imaged target and detector, although such loss would only minimally af-

fect the SNR of the results. This way, the MC framework does not have to take into 

account any lens or objective for focusing and collection of light before the detector, 

as this was out of the scope of the studies reported in this chapter. 

Figure 3.2: Picture of the 1.2x1.2 mm FOV of the detector on the simulated domain created 

with the MC framework, showing vessels (in red) and grey matter (in white). 
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3.1.3 Data simulation and processing with the MC framework 

Hyperspectral illumination and imaging of the meshed domain representing the ex-

posed brain cortex are reproduced using the MC framework by simulating photon 

incidence, diffusion and reflection in each medium at different wavelengths in the 

visible range (600, 630 and 665 nm) and in the NIR range, from 780 nm to 900 nm. 

At each execution of the MC code routine, thirty million (3e7) photon packets are 

launched from the planar source, for each simulated wavelength. This number was 

chosen after performing convergence analysis, where the simulations for Study 1 

(as described in Sec. 3.2.1) were repeated for various different numbers of photon 

packets (from 3000 to three billion, at tenfold increases). The analysis, reported in 

Fig. 3.3, showed that the percent differences in the maps of Δ[HbO2], Δ[HHb] and 

Δ[oxCCO] reconstructed for the simulations in Study 1 (as reported in Sec. 3.3.1), 

between consecutive iterations of launched photon packets, reach convergence to a 

stable plateau of less than 1% for about three million (3e6) photon packets. 

Figure 3.3: Convergence analysis performed on the number of photon packets to launch in 

the MC HSI framework for the simulations. The difference between the recon-

structed maps obtained in Study 1 at consecutive iterations of launched photons 

reaches convergence at less than 1% after three million (3e6) photon packets. 

 

The simulated photons reaching the detector surface after interacting with the 

domain are then recorded, in particular the information about their final positions 

on the detector, their weights when they reached the detector and the partial path-

lengths each of them has travelled in each medium. The detector is then divided in 
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185x185 pixels (6.5-µm pixel size) and the detected photons for each wavelength 

are binned in these pixels according to their final position. The spatial images at 

each wavelength are then reconstructed by adding up the weights of all the photons 

binned in each pixel, in order to create a detected intensity map (Fig. 3.4a). 

Figure 3.4: a) Examples of reconstructed images using the MC framework, at 600 nm (left) 

and 835 nm (right), reproducing the spatial distribution and intensity of the 

simulated detected photons. b) Example of average total photon pathlength 

map, at 600 nm (left) and 835 nm (right), reproducing the spatial distribution 

of the average total pathlengths of the simulated detected photons. 

 

A similar approach is used to reconstruct spatial maps of the average total photon 

pathlengths at each simulated wavelength: this is done by summing up the partial 

pathlengths travelled in each medium by all the binned detected photons in each 

pixel, weighted by their corresponding weights, and then dividing such sum for the 

total sum of the weights of the detected photons binned in that pixel. (Fig. 3.4b). 

These maps provide the spatial distribution of the pathlength that a photon, arriving 

at a certain pixel, has travelled on average in the domain during a single run of the 
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MC framework and for each wavelength. Equivalent maps can also be reconstructed 

for the single partial pathlengths of the photons in the vascular and grey matter 

medium, respectively. The reconstructed intensity images at each wavelength are 

then stacked up to form 3D spatio-spectral dataset, i.e. the image hypercubes. The 

same is done for the reconstructed spatial maps of the average total photon path-

lengths to create 3D average total photon pathlength distribution hypercubes. 

For all the computational studies reported here, two different brain physiologi-

cal conditions are simulated, according to the different composition of each medium 

of the mouse cerebral cortex model: (1) a baseline condition, representing the nor-

mal resting state of the brain, and (2) an acute hypoxic condition, where cerebral 

oxygenation and metabolism drop significantly. Therefore, for each condition, the 

absorption properties of the two media composing the meshed domain of the ex-

posed cortex are determined from the main parameters of (3.3), (3.4) and (3.5). The 

scattering properties are only dependent on the selected wavelengths, as for (3.1) 

and (3.2), and are thus assumed constant between the two conditions. Water and fat 

contents are also assumed constant for each medium in both the two conditions. 

Furthermore, a significant decrease in oxygen saturation S, as well as an increase in 

the total concentration of haemoglobin [Hb] (to simulate an increase in CBV), are 

simulated in both the vessels and the grey matter to recreate the haemodynamic 

response of the exposed cortex during the hypoxic conditions, leading to an overall 

decrease in the concentration of HbO2 and an increase in the concentration of HHb 

in the entire meshed domain. Similarly, a reduction in the concentration of oxCCO 

and an increment in the concentration of redCCO are also applied to the grey matter 

medium, as to imitate the metabolic response to the lack of oxygen supply in the 

cerebral cortex. The changes in concentration are selected so that the total sum of 

[oxCCO] and [redCCO] in the entire meshed domain remains constant between the 

two simulated conditions [6].  

For each simulated condition, image hypercubes and average total photon path-

length hypercubes are reconstructed (as well as average partial pathlength hyper-

cubes). Light attenuation changes ΔAk,l (λ) between the simulated baseline and hy-

poxia are then calculated for each pixel k, l (for k, l = 1…185) and each wavelength 

λ from the photon intensities Ik,l (λ) of the image hypercubes, as 
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𝛥𝐴𝑘,𝑙(𝜆) = − log10 (
𝐼𝑘,𝑙,hypoxia(𝜆)

𝐼𝑘,𝑙,baseline(𝜆)
)  . 

From (3.6), haemodynamic and metabolic maps charting the relative changes in 

concentrations Δ[HbO2], Δ[HHb] and Δ[oxCCO] of HbO2, HHb and oxCCO, re-

spectively, between the two conditions are estimated: this is done by applying 

MBLL to the simulated light attenuation changes ΔAk,l (λ), pixel by pixel [6], [30]. 

Therefore, for each pixel k, l, the following systems of algebraic equations are set: 

[
 
 
 
𝛥𝐴𝑘,𝑙(𝜆1)

𝛥𝐴𝑘,𝑙(𝜆2)

⋮
𝛥𝐴𝑘,𝑙(𝜆𝑀)]

 
 
 

=

[
 
 
 

𝜀HbO2
(𝜆1) 𝜀HHb(𝜆1) 𝜀diffCCO(𝜆1)

𝜀HbO2
(𝜆2) 𝜀HHb(𝜆2) 𝜀diffCCO(𝜆2)

⋮ ⋮ ⋮
𝜀HbO2

(𝜆𝑀) 𝜀HHb(𝜆𝑀) 𝜀diffCCO(𝜆𝑀)]
 
 
 

×

[
 
 
 
𝑃𝐿𝑘,𝑙(𝜆1)

𝑃𝐿𝑘,𝑙(𝜆2)

⋮
𝑃𝐿𝑘,𝑙(𝜆𝑀)]

 
 
 

× [

∆[HbO2]𝑘,𝑙

∆[HHb]𝑘,𝑙

∆[oxCCO]𝑘,𝑙

]  . 

PLk,l (λ) are the values, in each pixel, of the mean between the average total photon 

pathlengths in the baseline and hypoxic conditions obtained from the corresponding 

hypercubes, while M is the total number of wavelengths selected for the specific 

simulation. Reference data for εHbO2
, εHHb and εdiffCCO in the visible and NIR range 

are again reported in Tab. B.1 of Appendix B. 

The previous sets of algebraic systems in (4.7), for each pixel k, l (for k, l = 

1…185), can be also written in matrix format, as 

�⃗⃗⃗� = 𝐄 �⃗⃗⃗� �⃗⃗� . 

�⃗⃗⃗� is the vector of the light attenuation changes ΔAk,l (λ), E is the matrix of the molar 

extinction coefficients of HbO2, HHb and oxCCO, �⃗⃗⃗� is the vector of the average 

photon pathlengths PLk,l (λ) and �⃗⃗� is the vector of the relative changes in the con-

centrations of HbO2, HHb and oxCCO. The haemodynamic and metabolic maps 

can finally be obtained by solving in all the k, l pixels the corresponding systems of 

algebraic equations (for each wavelength) in (3.7) for the three unknowns Δ[HbO2], 

Δ[HHb] and Δ[oxCCO]. Since the molar extinction coefficient matrix E is not in-

vertible, to solve (3.8) for each pixel, the Moore-Penrose pseudo-inverses of the  

(3.7) 

(3.8) 

(3.6) 
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matrices E+ of the molar extinction coefficients [211], [212] have to be used, as  

�⃗⃗�  = 𝐄+
�⃗⃗⃗� 

�⃗⃗⃗�
 . 

 

3.2 Computational studies with the MC framework 

In the first computational study (Study 1), feasibility and performances of HSI are 

assessed by running the MC framework twice: first, (1) for the maximum allowable 

number of wavelengths (121) in the NIR range 780-900 nm at 1-nm sampling; then, 

(2) with the addition of three visible wavelengths (600, 630 and 665 nm), specifi-

cally chosen to maximise haemoglobin contrast and to simultaneously target also 

the haems centres of CCO. For both cases, the two conditions previously described 

are simulated. The capability of HSI to reconstruct correct haemodynamic and met-

abolic maps is evaluated, in particular regarding image quality, as well as the accu-

racy in the quantification of the relative changes in the concentrations of HbO2, 

HHb and oxCCO. In addition, corrections in the algorithm for the analysis of the 

simulated data are introduced and explored to check if the accuracy in the calculated 

estimates of Δ[HbO2], Δ[HHb] and Δ[oxCCO] can be improved, as well as to re-

duce any crosstalk or partial pathlength effects during data post-processing. 

The second study (Study 2) with the MC framework is aimed at understanding 

how the performances of HSI in monitoring haemodynamics and metabolism are 

influenced by the specific choice of the NIR wavelengths. Different combinations 

and numbers of wavelengths in the NIR range are tested in order to find an optimal 

selection of the spectral bands for maximising precision of the quantitative data. 

Crosstalk between haemoglobin and CCO and partial pathlength effects are the 

main targets for the third study (Study 3): the MC framework is used to examine 

the magnitude of the errors introduced by these factors in the reconstructed maps of 

haemodynamics and metabolism in the NIR range and to verify the physiological 

origin of the optical signals that are measured from the simulated data. This is done 

by comparing the realistic NIR scenario tested in Study 1 with ideal and hypothet-

ical scenarios, where one or more concentrations of the chromophores remain con-

stant between the two conditions.  

(3.9) 
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The fourth and final study (Study 4) explores the implementation of localised 

hyperspectral illumination and detection on the simulated domain as a way to iden-

tify the best configuration to efficiently apply HSI to the measurement of the hae-

modynamic and metabolic states of the exposed cerebral cortex. 

All the simulations with the MC framework for HSI reported in this section 

were run on a Dell Precision Tower 5810 XL workstation (Intel Xenon Processor 

E5-1620 v3 [213]; 6 NVIDIA Quadro M2000 4 GB video card [214]). 

 

3.2.1 Study on HSI performances and accuracy (Study 1)

The first study on the performances and accuracy of HSI in reconstructing quanti-

tative haemodynamic and metabolic maps of brain activity from the exposed cortex 

domain is conducted using two sets of wavelengths: (1) the first set is composed of 

the maximum allowable number of wavelengths in the NIR range from 780 nm to 

900 nm, consisting of 121 wavelengths at 1-nm sampling, while (2) the second set 

involves the same 121 NIR wavelengths as before, with the addition of three visible 

wavelengths, i.e. 600, 630 and 665 nm. The two sets are simulated for both the 

baseline and the hypoxic condition described in Sec. 3.1.3. The composition of the 

two media for both the simulated conditions is reported in Tab. 3.1 [16], from which 

the absorption properties used in the simulations are obtained, using (3.3), (3.4) and 

(3.5). This composition is the same for both sets of wavelengths. 

 

Table 3.1: Different composition of each medium in the meshed domain of the mouse brain 

cortex, for both the two simulated conditions (baseline and hypoxia). 

Medium 

composition 

 Baseline condition Hypoxic condition 

 Grey matter Vasculature Grey matter Vasculature 

W (%)  70 50 70 50 

F (%)  10 1 10 1 

[Hb] (µM)  2325.6 2325.6 3023.3 3023.3 

B (%)  3.75 100 3.75 100 

S (%)  85 85 50 50 

[oxCCO] (µM)  4 0 1 0 

[redCCO] (µM)  1 0 4 0 

Note: an average concentration of haemoglobin in blood equal to 150 g/L is considered [16], [215]. 
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At the onset of the acute hypoxic condition, an oxygen saturation drop ΔS of -

35% is mimicked in both the main vasculature and the surrounding grey matter, 

compared to the baseline [216], [217]. Simultaneously, an increase of +30% in the 

total concentration [Hb] of haemoglobin in both media is also simulated, as to rep-

licate an overall increase in CBV during hypoxia [218]. These two simulated phe-

nomena correspond to a theoretical increase Δ[HHb] in the concentration of HHb 

of +1162.79 µM and +43.60 µM, in the vasculature and in the grey matter respec-

tively, as well as to a theoretical decrease Δ[HbO2] in the concentration of HbO2 

equal to -465.12 µM and -17.44 µM, in the vasculature and in the grey matter re-

spectively. For the metabolic response, it is assumed that the relative concentration 

change Δ[oxCCO] of oxCCO in the mouse grey matter is equal to -3 µM (this is 

mirrored by an equivalent increase in [redCCO]) [219], [220]. 

The results of both simulation runs are processed and analysed separately, using 

(3.7), to compare image quality and quantification accuracy of the haemodynamic 

and metabolic maps between the use of NIR light only (121 NIR wavelengths) and 

the combined use of NIR and visible wavelengths (3 visible and 121 NIR, for a total 

of 124 wavelengths). The comparison between these two sets of reconstructed re-

sults aims at assessing the utility of including visible light for HSI of brain haemo-

dynamics and metabolism. 

The first simulation with 242 NIR wavelengths (121 NIR wavelengths per con-

dition) in this first study lasted about 36 hours and 20 minutes, while the second 

simulation with the addition of 6 visible wavelengths (3 visible wavelengths per 

condition) took about 54 more minutes to be completed. 

 

3.2.2 Study on optimal selection of NIR wavelengths (Study 2)

For the second study, focused on evaluating the influence of the number and selec-

tion of NIR wavelengths on the quality and accuracy of the HSI data, the second 

simulation of the Study 1 for the two conditions (baseline and hypoxia) is repeated 

by changing the designated NIR wavelengths for the illumination. Specifically, the 

following combinations of wavelengths are tested: (1) an arbitrary number of wave-

lengths in the range 780-900 nm, consisting of 25 wavelengths at 5-nm sampling; 

(2) an optimal selection of 8 wavelengths (784, 800, 818, 835, 851, 868, 881 and 
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894 nm) that was estimated by Arifler et al [194] to be an ideal minimum combi-

nation of NIR spectral bands for bNIRS to differentiate between the signals of hae-

moglobin and CCO with less than 2% mean error, compared to the ‘gold standard’ 

of 121 wavelengths.  

The results of the two simulation runs of the MC framework at the two different 

sets of NIR wavelengths are then compared with those of Study 1, performed at the 

maximum allowable number of 121 wavelengths. This comparison is intended to 

demonstrate that changing the number of NIR wavelengths down to a minimum 

number of 8 does not significantly affect the results of the quantification of the 

spatial changes in the relative concentrations of HbO2, HHb and oxCCO (as long 

as the selected wavelengths are uniformly sampled in the NIR interval between 780 

and 900 nm). Moreover, the outcomes of Study 2 also aim at validating that the 

optimal selection of 8 wavelengths for bNIRS is enough to obtain accurate results 

also in HSI of the exposed cortex with minimal differences from the results with 

121 wavelengths. 

 

3.2.3 Assessment of spurious signal effects (Study 3)

Evaluation of the presence and severity of crosstalk and partial pathlength effects 

on the simulated hyperspectral data is conducted in the third study. This is done by 

re-running twice the simulations performed in Study 1 while changing the optical 

properties of the hypoxic condition both times. Specifically: (1) firstly, simulations 

with the MC framework are run with only variations in the metabolic response (only 

the concentrations of redCCO and oxCCO changes by ±3 µM, respectively), with 

no haemodynamic response (the saturation drop ΔS and the increase in [Hb] are 

equal to zero in the whole domain, thus [HbO2] and [HHb] do not change between 

the two conditions); (2) secondly, the MC simulations are repeated this time with 

only variation in the haemodynamic response (the concentrations of HbO2 and HHb 

change according to the drop ΔS in oxygen saturation equal to 35% and the increase 

in total haemoglobin concentration [Hb] equal to +30%), while [oxCCO] and 

[redCCO] remains constant between the two conditions (no metabolic response is 

simulated). For both sets of simulations, the optimal combination of 8 NIR wave-

lengths tested in Study 2 (784, 800, 818, 835, 851, 868, 881 and 894 nm) is selected, 
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for each condition.  

The new data from both ideal runs of the MC framework are then compared 

with the realistic results of Study 1 to assess the influence of crosstalk and partial 

pathlength effects in the reconstructed data, as well as to provide an indication of 

their potential sources. Simulating only the cerebral metabolic response during hy-

poxia, with no changes in the oxygenation of the tissues, though physiologically 

unrealistic and improbable, permits to isolate the single optical signature of CCO 

from those of haemoglobin, thus ideally limiting the occurrence of contamination 

effects from HbO2 and HHb to the minimum. Similarly, the simulation with only 

the brain haemodynamic response occurring should minimise any crosstalk from 

CCO and related partial pathlength effects. Moreover, this approach can validate 

the simulated data in the realistic NIR illumination scenario from Study 1 by 

demonstrating that the estimated changes in [oxCCO] are effectively obtained from 

true changes in the optical properties of the cerebral tissue containing CCO between 

the two conditions, instead of arising from crosstalk signals caused by changes in 

the concentrations of HbO2 and HHb or from the influence of the variance of the 

photon pathlengths. 

Each of the two simulations in the third study, using 8 NIR wavelengths per 

condition, took approximately 2 hours and 24 minutes to be completed. 

 

3.2.4 Alternative HSI configuration (Study 4) 

In the fourth and final study, the MC HSI framework is used to explore the imple-

mentation of a more localised and selective hyperspectral illumination and detec-

tion configuration, designed to improve the accuracy of the quantification of the 

haemodynamic and metabolic responses in different regions of the domain, as well 

as to further mitigate crosstalk effects with haemoglobin and partial pathlength ef-

fects. In particular, this configuration consists in reducing both the illumination area 

and the FOV of the 2D detector from 1.2x1.2 mm to a smaller size (using the same 

number of pixels, 185x185, in the reconstruction), in order to selectively illuminate 

only specific portions of the domain each time.  

Specifically, two examples of this alternative HSI configuration are tested in 

this study, targeting two different portions of the domain that are selected for the 
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localised illumination and detection: (1) first, the illumination area and the FOV of 

the 2D detector are decreased to 0.2x0.2 mm to encompass a region outside the 

main vasculature (Fig. 3.5a and Fig. 3.5b), which contains only grey matter, as well 

as to collect information only from photon packets arriving in the same region; (2) 

secondly, the illumination area and the FOV of the 2D detector are change to a size 

of 65x65 μm to cover a region of the surface of the domain including only the main 

vasculature (Fig. 3.5c and Fig. 3.5d).  

Figure 3.5: a) New meshed domain implementing a 2D source producing a localised 

0.2x0.2 mm illumination only on the grey matter; b) Position of the localised 

0.2x0.2 mm illumination field and FOV of the detector (in blue) on the sim-

ulated domain, compared to the 1.2x1.2 mm illumination field and detection 

FOV used in the previous studies; c) New meshed domain implementing a 

2D source producing a localised 65x65 μm illumination only on the vascu-

lature; d) Position of the localised 65x65 μm illumination field and FOV of 

the detector (in yellow) on the simulated domain, compared to the 1.2x1.2 

mm illumination field and detection FOV used in the previous studies. 

 

For both types of the new configuration, simulations with the MC framework 

are run using the same optical properties used in the Study 1 (from Tab. 3.1) and 
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with the optimal combinations of 8 NIR wavelengths (784, 800, 818, 835, 851, 868, 

881 and 894 nm) used in Study 2 and Study 3. 

The duration of the simulations with alternative hyperspectral configurations, 

using 8 NIR wavelengths per condition, in the fourth study was of: (1) 2 hours and 

16 minutes, for the FOV of 0.2x0.2 mm covering only the grey matter; and (2) 1 

hours and 59 minutes for the FOV of 65x65 μm targeting only the main vasculature. 

 

3.3 Results of the computational studies 

The results of the four computational studies conducted using the MC HSI frame-

work are here reported and discussed. 

 

3.3.1 Results of Study 1

Fig. 3.6 depicts the two haemodynamic maps, for Δ[HbO2] and Δ[HHb], and the 

metabolic map of Δ[oxCCO] tracking the changes in relative concentrations of the 

three targeted chromophores during the acute hypoxic condition that was simulated 

in the first part of Study 1, using 121 NIR wavelengths between 780 and 900 nm. 

The haemodynamic maps of the relative changes in concentration of HbO2 (Fig. 

3.6b) and HHb (Fig. 3.6c) present high image quality and spatial resolution, com-

pared to the actual depiction of the FOV of the simulated domain (Fig. 3.6a). The 

large vascular haemodynamic response related to both chromophores is accurately 

localised within the boundaries of the vasculature, resolving both major (about 100 

µm in diameter) and minor vessels (about 20 µm in diameter), as well as showing 

a decrease in the concentration of HbO2 and an increase in the concentration of 

HHb, as theoretically expected. Similarly, a minor haemodynamic response from 

HbO2 and HHb is also reconstructed in the surrounding tissue that is consistent with 

the simulate changes in oxygen saturation and blood volume in the grey matter. 

However, from the haemodynamic maps a large underestimation in the quantifica-

tion of both Δ[HbO2] and Δ[HHb] in the vasculature clearly emerges.  

The metabolic map of the relative changes in concentration of oxCCO (Fig. 

3.6d) shows a poorer image quality than the haemodynamic maps, due to higher 

noise in the processed data for CCO and the presence of spurious measured changes 
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in concentration of CCO in the vasculature. These factors make difficult to fully 

localise the metabolic response and to differentiate between vasculature and sur-

rounding tissue with high spatial resolution. Only the major vessels (about 100 µm 

in diameter) are partially resolved in the metabolic map. 

Figure 3.6: a) Picture of the 1.2x1.2 mm FOV of the detector on the simulated domain, 

showing the position of the two 65x65 µm ROIs, one including only vascula-

ture (blue square) and the other only grey matter (black square); b) Haemody-

namic map charting the relative changes Δ[HbO2] in the concentration of 

HbO2 between baseline and hypoxia; c) Haemodynamic map showing the rel-

ative changes Δ[HHb] in the concentration of HHb between baseline and hy-

poxia; d) Metabolic map showing the relative changes Δ[oxCCO] in the con-

centration of oxCCO between baseline and hypoxia. These results are from 

the simulations run with 121 NIR wavelengths between 780 and 900 nm. 

 

Evaluation of the accuracy in quantifying the correct relative changes in the 

concentrations of HbO2, HHb and oxCCO is performed by calculating the spatial 

averages of the concentration changes Δ[HbO2], Δ[HHb] and Δ[oxCCO] in specific 

ROIs in the haemodynamic and metabolic maps. Two ROIs of 10x10 pixels, both 
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corresponding to square regions of 65x65 µm in the FOV, are selected: (1) one 

including only vasculature and (2) one including only grey matter. The position and 

size of the two ROIs on the FOV of the detector are shown in Fig. 3.6a. The con-

centrations changes for each chromophore are spatially averaged across the pixels 

of each ROI. The values of the averages <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> 

in the two ROIs are reported in Tab. 3.2 and compared with the corresponding the-

oretical values, to assess accuracy in the quantification.  

 

Table 3.2: Comparison between the spatial average changes <Δ[HbO2]>, <Δ[HHb]> and 

<Δ[oxCCO]> in the concentrations of HbO2, HHb and oxCCO and the corre-

sponding theoretical values in two different ROIs of 10x10 pixels on the recon-

structed haemodynamic and metabolic maps, for the results of Study 1 with 121 

NIR wavelengths between 780 and 900 nm. 

ROI 

HbO2 (µM) HHb (µM) oxCCO (µM) 

Theoret-

ical 
<Δ[HbO2]> 

Theoret-

ical 
<Δ[HHb]> 

Theoret-

ical 
<Δ[oxCCO]> 

Vascu-

lature 
-465.12 -32.89±1.23 1162.79 82.78±1.58 0 -2.929±0.63 

Grey 

matter 
-17.44 -19.32±0.33 43.60 48.54±0.68 -3 -3.156±0.20 

 

The values of the average concentration changes <Δ[HbO2]> and <Δ[HHb]> in the 

ROI associated with the vessels reproduce the trend of the expected temporal hae-

modynamic response to the simulated lack of oxygenation to brain cortical tissue, 

although they are significantly lower (-32.89 µM for HbO2 and 82.78 µM for HHb) 

than the theoretical simulated changes (-465.12 µM for HbO2 and 1162.79 µM for 

HHb). The corresponding quantification error is equal to about 92.9%. In addition, 

an erroneous decrease in Δ[oxCCO] is also estimated for same the ROI in the vas-

culature (-2.929 µM), which is in the same order of magnitude of the actual simu-

lated change in the concentration of oxCCO (-3 µM). Finally, the quantification of 

the relative changes Δ[HbO2], Δ[HHb] and Δ[oxCCO] in the concentration of 

HbO2, HHb and oxCCO in the grey matter shows smaller estimation errors of about 

10.4%, 11.3% and 5.2%, respectively, as demonstrated by the value of the average 

concentration changes <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> in the central ROI 

(-19.32 µM for HbO2, 48.54 µM for HHb and -3.156 µM for oxCCO), which are 
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all close to the theoretical changes in the simulated chromophores (-17.44 µM for 

HbO2, 43.60 µM for HHb and -3 µM for oxCCO). 

Comparable results are obtained for the second run of the MC framework with 

the addition of the data at 3 visible wavelengths (600, 630 and 665 nm) to the same 

previous 121 NIR ones: the haemodynamic maps of Δ[HbO2] and Δ[HHb] for the 

combined use of NIR and visible light, shown in Fig. 3.7a and 3.7b respectively, 

are characterised again by a correct localisation of the vascular haemodynamic re-

sponse within the vessels, with high spatial resolution and contrast for both major 

and minor vasculature. However, image quality for this set of haemodynamic maps 

is higher compared to the previous maps in Fig. 3.6 obtained with only NIR light.  

Figure 3.7: a) Haemodynamic map charting the relative changes Δ[HbO2] in the concen-

tration of HbO2 between baseline and hypoxia; b) Haemodynamic map show-

ing the relative changes Δ[HHb] in the concentration of HHb between baseline 

and hypoxia; c) Metabolic map showing the relative changes Δ[oxCCO] in the 

concentration of oxCCO between baseline and hypoxia. These results are from 

the simulations run using a combination of 121 NIR wavelengths between 780 

and 900 nm and three visible wavelengths (600, 630 and 665 nm). 
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Similarly, the metabolic map of Δ[oxCCO] obtained from the data in both the visi-

ble and NIR range (Fig. 3.7c) shows a better image quality, spatial resolution and 

contrast than the corresponding metabolic map reconstructed using only NIR light, 

although the presence of spurious measured changes in concentration of CCO in the 

vasculature still occurs, as it happened in Fig. 3.6d. The magnitude of these errors 

also appears higher than in the previous results at only NIR wavelengths. The su-

perior image quality of the haemodynamic and metabolic maps obtained with the 

addition of 3 visible wavelengths is likely attributable to the lower scattering and 

higher absorption of tissues in this spectral range, compared to NIR light.  

  Spatial averages Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> of the concentra-

tion changes of HbO2, HHb and oxCCO are again calculated from the three haemo-

dynamic and metabolic maps obtained with the combined use of NIR and visible 

light and for the same two ROIs from Fig. 3.6a. This allows one to evaluate how 

the accuracy in the quantification of the haemodynamic and metabolic responses is 

affected by the addition of three visible wavelengths to the reconstructed hyper-

spectral data. The values of Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> for 124 visi-

ble and NIR wavelengths are reported in Tab. 3.3. 

 

Table 3.3: Comparison between the spatial average changes <Δ[HbO2]>, <Δ[HHb]> and 

<Δ[oxCCO]> in the concentrations of HbO2, HHb and oxCCO and the corre-

sponding theoretical values in two different ROIs of 10x10 pixels on the recon-

structed haemodynamic and metabolic maps, for the results of Study 1 with 121 

NIR wavelengths between 780 and 900 nm and three visible wavelengths (600, 

630 and 665 nm). 

ROI 

HbO2 (µM) HHb (µM) oxCCO (µM) 

Theoret-

ical 
<Δ[HbO2]> 

Theoret-

ical 
<Δ[HHb]> 

Theoret-

ical 
<Δ[oxCCO]> 

Vascu-

lature 
-465.12 -31.09±1.35 1162.79 86.25±0.94 0 -5.161±0.78 

Grey 

matter 
-17.44 -19.66±0.34 43.60 47.90±0.68 -3 -2.741±0.11 

 

From it, it emerges that quantification of the haemodynamic response of HbO2 and 

HHb in both vasculature and grey matter for the combination of NIR and visible 

light differs very minimally from the corresponding results obtained with only NIR 
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wavelengths. The differences between the estimates of Δ[HbO2]> and <Δ[HHb]> 

across the two sets of data is less than 4%. Furthermore, the same large underesti-

mation of the changes in concentration of HbO2 and HHb in the vasculature is also 

present for the haemodynamic maps reconstructed from visible and NIR data. The 

major divergence in the accuracy of the quantification between the results with vis-

ible and NIR light and the results with only NIR wavelengths occurs for the values 

of <Δ[oxCCO]>: the metabolic response in the grey matter quantified with NIR and 

visible data appears less accurate than in Tab. 3.2 (<Δ[oxCCO]> equal to -2.741 

µM against -3.156 µM for the results with only NIR light). The corresponding es-

timate error stands at about 8.63% (compared to 5.2% for the previous results). In 

particular, the addition of visible wavelengths of the reconstructed data has aggra-

vated and almost doubled the magnitude of the spurious measured signal from ox-

CCO in the vasculature (<Δ[oxCCO]> equal to -5.161 µM against -2.929 µM for 

the results with only NIR light).  

Both the large underestimation in the relative changes of the concentrations of 

vascular HbO2 and HHb in all the haemodynamic maps of both datasets (with only 

NIR and with both visible and NIR light), as well as the occurrence of spurious 

measured changes in the relative concentration of oxCCO in the vasculature me-

dium, could be connected to partial pathlength effects. The latter should not be con-

fused with crosstalk, because the erroneous measured values of Δ[oxCCO] are not 

induced by a genuine change in the concentration of this chromophore (since it is 

not present in the vasculature medium), but they are due to the significant difference 

between the partial pathlengths of the detected photons that travelled in the vascu-

lature and those that travelled in the surrounding brain tissue. This is further inves-

tigated and validated by the results of Study 3. 

Fig. 3.8 shows examples, at 600 nm and 835 nm, of the average total pathlength 

maps of the detected photons across the entire domain (Fig. 3.8a for 600 nm and 

Fig. 3.8b for 835 nm), as well as the average partial pathlength maps of the detected 

photons in the vasculature domain (Fig. 3.8c for 600 nm and Fig. 3.8d for 835 nm) 

and in the grey matter domain (Fig. 3.8e for 600 nm and Fig. 3.8f for 835 nm), 

respectively. These exemplary maps were simulated for the baseline condition re-

ported in Tab. 3.1. 
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Figure 3.8: a) Average total photon pathlength map, at 600 nm; b) Average total photon 

pathlength map, at 835 nm; c) Average photon partial pathlength map in the 

vasculature, at 600 nm; d) Average photon partial pathlength map in the vas-

culature, at 835 nm; e) Average photon partial pathlength map in the grey mat-

ter, at 600 nm; f) Average photon partial pathlength map in the grey matter, at 

835 nm. All the simulated maps correspond to the baseline condition. 

 

These maps compare the fractions of the average total pathlengths travelled by the 

detected photons in each of the two media, on average between the two conditions. 



 

126                            Chapter 3. Computational modelling of HSI                                                     

 

It can be seen that the partial pathlengths of the detected photons in the vasculature 

are considerably shorter than the partial pathlengths the same photons travelled in 

the grey matter. The latter also account for more than 97% of the average total path-

length. Moreover, the comparison between the average partial pathlength maps re-

veals that the majority of photons that were detected in pixels located on the vascu-

lature has effectively travelled mostly in the grey matter. This could explain both 

the significant underestimation of Δ[HbO2] and Δ[HHb] in the vessels, as well as 

the occurrence of the spurious measured changes Δ[oxCCO] in the same vascular 

medium, resulting from applying MBLL from (3.7) and using the average total 

pathlength of the detected photons. 

A post-processing correction of the haemodynamic and metabolic maps using 

the information about the photon average partial pathlengths is here proposed, to 

primarily improve the quantification of the changes of concentrations of HbO2 and 

HHb in the vasculature. Two maps of correction factors, 𝐶𝐹′𝑘,𝑙 and 𝐶𝐹′′𝑘,𝑙 (for each 

pixel k, l), are produced: (1) 𝐶𝐹′𝑘,𝑙 are the means across all the selected M wave-

lengths of the ratios between the average total pathlengths PL𝑘,𝑙(𝜆) travelled by the 

detected photons and the average partial pathlengths PL𝑘,𝑙,𝑣𝑒𝑠𝑠𝑒𝑙(𝜆) they travelled 

in the vasculature (for each wavelength λ); and (2) 𝐶𝐹′′𝑘,𝑙 are the means across all 

the selected M wavelengths of the ratios between the average total pathlengths 

PL𝑘,𝑙(𝜆) travelled by the detected photons and the average partial pathlengths 

PL𝑘,𝑙,𝑔𝑟𝑒𝑦(𝜆) they travelled in the grey matter (for each wavelength λ). Thus: 

𝐶𝐹′
𝑘,𝑙 =

1

𝑀
∑(

PL𝑘,𝑙(𝜆𝑖)

PL𝑘,𝑙,𝑣𝑒𝑠𝑠𝑒𝑙(𝜆𝑖)
)

𝑀

𝑖=1

 , 

𝐶𝐹′′𝑘,𝑙 =
1

𝑀
∑(

PL𝑘,𝑙(𝜆𝑖)

PL𝑘,𝑙,𝑔𝑟𝑒𝑦(𝜆𝑖)
)

𝑀

𝑖=1

 . 

Two sets of two correction maps can be obtained using (3.10) for the baseline and 

the hypoxic condition, respectively. The two final correction maps 𝐶𝐹′𝑘,𝑙 and 

𝐶𝐹′′𝑘,𝑙 to apply to the haemodynamic and metabolic maps are calculated from the 

values of the mean between the corresponding sets of correction factors of the two 

(3.10) 
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conditions (for each pixel k, l), respectively. Correction maps are then produced for 

each analysed dataset in this study, i.e. the hyperspectral data obtained for 121 NIR 

wavelengths (Fig. 3.9a for 𝐶𝐹′𝑘,𝑙  and Fig. 3.9b for 𝐶𝐹′′𝑘,𝑙) and those obtained with 

121 NIR wavelengths and 3 visible wavelengths (Fig. 3.9c for 𝐶𝐹′𝑘,𝑙 and Fig. 3.9d 

for 𝐶𝐹′′𝑘,𝑙). Fig. 3.9 shows minimal differences between the corresponding correc-

tion maps 𝐶𝐹′𝑘,𝑙 and 𝐶𝐹′′𝑘,𝑙 of the two datasets at different spectral ranges, due to 

the similarities between the respective photon pathlengths (as seen in Fig. 3.8). 

Figure 3.9: a, c) Maps of the correction factors 𝐶𝐹′𝑘,𝑙 obtained from the mean ratios be-

tween the average total pathlengths of the detected photons and the average 

partial pathlengths of the same photons in the vasculature, across all the wave-

lengths and between both simulated conditions; b, d) Maps of the correction 

factors 𝐶𝐹′′𝑘,𝑙 obtained from the mean ratios between the average total path-

lengths of the detected photons and the average partial pathlengths of the same 

photons in the grey matter, across all the wavelengths and between both sim-

ulated conditions. The first row of maps (a, b) corresponds to the dataset ob-

tained using only 121 NIR wavelengths between 780 and 900, while the sec-

ond row of maps (c, d) is from the dataset for the combination of the previous 

121 NIR wavelengths with three visible wavelengths (600, 630 and 665 nm). 
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The post-processing correction of the haemodynamic and metabolic maps via 

the correction maps in Fig. 3.9 is performed selectively by using the manually-seg-

mented binary map of the FOV (utilised during the mesh domain creation, as shown 

in Fig. 3.1) as a guide. Thus, for pixels k, l corresponding to the vasculature medium 

in the binary mask, the following correction is applied to obtain the corrected values 

Δ[HbO2]* and Δ[HHb]* of the changes in concentration of HbO2 and HHb in the 

haemodynamic maps only:  

∆[HbO2]𝑘,𝑙
∗ = ∆[HbO2]𝑘,𝑙CF'𝑘,𝑙  , 

∆[HHb]𝑘,𝑙
∗ = ∆[HHb]𝑘,𝑙CF'𝑘,𝑙  . 

The correction in (3.11) is not applied to the metabolic map since theoretically no 

CCO in the vasculature is simulated. Contrarily, for pixels k, l corresponding to the 

grey matter medium in the binary mask, this other correction is applied to both the 

haemodynamic and the metabolic maps to obtain the corrected values Δ[HbO2]*, 

Δ[HHb]* and Δ[oxCCO]* of the changes in the concentrations of HbO2, HHb and 

oxCCO: 

∆[HbO2]𝑘,𝑙
∗ = ∆[HbO2]𝑘,𝑙CF''𝑘,𝑙  , 

∆[HHb]𝑘,𝑙
∗ = ∆[HHb]𝑘,𝑙CF''𝑘,𝑙  , 

∆[oxCCO]𝑘,𝑙
∗ = ∆[oxCCO]𝑘,𝑙CF''𝑘,𝑙  . 

The spatially-selective correction in (3.11) and (3.12) permits to weight the hyper-

spectral data by taking into account the large differences in the photon average par-

tial pathlengths between the two media of the domain.  

The new haemodynamic and metabolic maps with the post-processing correc-

tion from (3.10), (3.11) and (3.12), applied to both the two datasets simulated in 

Study 1, are depicted in Fig. 3.10. A large enhancement in image contrast, as well 

as in the accuracy in the localisation of the haemodynamic response in the vascula-

ture, is evident from all the new haemodynamic maps (in Fig. 3.10a and Fig. 3.10b 

for the 121 NIR wavelengths, while in Fig. 3.10d and Fig. 3.10e for both NIR and 

visible light), due to the significant improvement in the quantification of Δ[HbO2]  

 

(3.12) 

(3.11) 



  

 

3
.3

 R
es

u
lt

s 
o

f 
th

e 
co

m
p
u

ta
ti

o
n
a

l 
st

u
d

ie
s 

  
  
  

  
  
  

  
  
  

  
  

  
  

  
  

  
  

  
  

  
 1

2
9
  

Figure 3.10: a, d) New haemodynamic maps of the relative changes Δ[HbO2] in the concentration of HbO2, between baseline and hypoxia, after post-

processing correction; b, e) New haemodynamic maps of the relative changes Δ[HHb] in the concentration of HHb, between baseline 

and hypoxia, after post-processing correction; c, f) New metabolic maps of the relative changes Δ[oxCCO] in the concentration of ox-

CCO, between baseline and hypoxia, after post-processing correction. The first row of maps (a, b, c) corresponds to the dataset obtained 

using only 121 NIR wavelengths between 780 and 900, while the second row of maps (d, e, f) corresponds to the dataset for the combi-

nation of 121 NIR wavelengths between 780 and 900 nm and three visible wavelengths (600, 630 and 665 nm).
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and Δ[HHb] in the vessels. Contrarily, the correction in the grey matter produces 

minimal effects in both the haemodynamic and metabolic maps (in Fig. 3.10c for 

the 121 NIR wavelengths and in Fig. 3.10f for both NIR and visible light). This is 

due to the similarity between the average total pathlengths and the average partial 

pathlengths of the detected photons in the grey matter. 

 The efficacy of the post-processing correction is further corroborated by the 

values of the spatial averages <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> of the con-

centration changes of HbO2, HHb and oxCCO in the same two ROIs used for the 

uncorrected maps. Tab. 3.4 shows the results of the analysis on the ROIs for both 

datasets (with NIR and visible light, and for NIR light only).  

 

Table 3.4: Comparison between the spatial average changes <Δ[HbO2]>, <Δ[HHb]> and 

<Δ[oxCCO]> in the concentrations of HbO2, HHb and oxCCO and the corre-

sponding theoretical values in two different ROIs of 10x10 pixels on the recon-

structed haemodynamic and metabolic maps after post-processing correction. 

The results of Study 1 are shown for the dataset obtained with 121 NIR wave-

lengths between 780 and 900 nm (top), as well as the dataset obtained with 121 

NIR wavelengths between 780 and 900 nm and 3 visible wavelengths (bottom). 

Results with 121 NIR wavelengths between 780 and 900 nm: 

ROI 

HbO2 (µM) HHb (µM) oxCCO (µM) 

Theoret-

ical 
<Δ[HbO2]> 

Theoret-

ical 
<Δ[HHb]> 

Theo-

retical 
<Δ[oxCCO]> 

Vascu-

lature 
-465.12 -474.7±10.57 1162.79 1196.2±20.6 0 -2.929±0.63 

Grey 

matter 
-17.44 -19.39±0.33 43.60 48.72±0.68 -3 -3.167±0.20 

Results with 121 NIR wavelengths (780-900 nm) nm and 3 visible wavelengths: 

ROI 

HbO2 (µM) HHb (µM) oxCCO (µM) 

Theoret-

ical 
<Δ[HbO2]> 

Theoret-

ical 
<Δ[HHb]> 

Theo-

retical 
<Δ[oxCCO]> 

Vascu-

lature 
-465.12 -449.1±23.22 1162.79 1244.8±22.1 0 -5.161±0.78 

Grey 

matter 
-17.44 -19.73±0.34 43.60 48.08±0.19 -3 -2.751±0.10 

 

The values of <Δ[HbO2]> and <Δ[HHb]> in the vasculature are now much closer 

to the simulated theoretical values: for the first dataset with 121 NIR wavelengths 
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(-474.7 µM for <Δ[HbO2]>, and 1192.2 µM for <Δ[HHb]>) the estimation errors 

are about 2.06% and 2.87%, for HbO2 and HHb respectively, while for the dataset 

using combined NIR and visible wavelengths (-449.1 µM for <Δ[HbO2]>, and 

1244.8 µM for <Δ[HHb]>) the estimation errors are slightly larger, standing at 

about 3.44% and 7.05%, for HbO2 and HHb respectively.  

Finally, the same analysis in the ROI localised on the grey matter demonstrates 

negligible differences (less than 1%) in the estimates of <Δ[HbO2]>, <Δ[HHb]> 

and <Δ[oxCCO]> between corrected and uncorrected maps, for all the three chro-

mophores and for both spectral ranges. This suggests that the post-processing cor-

rection is only necessary for the vasculature medium in the haemodynamic maps.  

A comparison between the cross-section views of the theoretical values of 

Δ[HbO2], Δ[HHb] and Δ[oxCCO] and the corresponding reconstructed values with 

the MC framework, both before correction and after post-processing correction, is 

provided in Fig. 3.11 (only for the dataset with 121 NIR wavelengths).  

Figure 3.11: a) Position on the FOV of the detector of the line of pixel (in blue) used in the 

data analysis; b) Relative changes Δ[HbO2] in the concentration of HbO2 

along the line of pixels; c) Relative changes Δ[HHb] in the concentration of 

HHb along the line of pixels; d) Relative changes Δ[oxCCO] in the concen-

tration of oxCCO along the line of pixels. Values are depicted both before 

and after the correction, for the dataset obtained using 121 NIR wavelengths. 
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This analysis on a line of pixels offers additional insight on the partial pathlength 

effects on the reconstructed data: in particular in the metabolic maps, where a large 

variance characterises the spurious estimated changes in the concentration of ox-

CCO in the vasculature. Fig. 3.11 also further highlights how the post-processing 

correction produces: (1) a considerable improvement in spatial localisation of the 

haemodynamic response; (2) a substantial enhancement in the accuracy of the quan-

tification of the relative changes in concentrations of HbO2 and HHb; (3) insignifi-

cant differences in the quantification of the relative changes in concentrations of all 

the three chromophores in the grey matter, for both the haemodynamic and meta-

bolic maps. This last aspect evidently emerges from Fig. 3.11d, where the recon-

structed values of Δ[oxCCO] before and after correction are almost overlapping, as 

well as for the values of Δ[HbO2] and Δ[HHb] in the pixels on the grey matter, in 

both Fig. 3.11b and Fig. 3.11c. 

 

3.3.2 Results of Study 2 

In Study 2, similar haemodynamic and metabolic maps for Δ[HbO2], Δ[HHb] and 

Δ[oxCCO] are reproduced: (1) first using an arbitrary number of 25 NIR wave-

lengths between 780 nm and 900 nm at 5-nm sampling, and then (2) using an opti-

mal selection of 8 NIR wavelengths (784, 800, 818, 835, 851, 868, 881 and 894 

nm) [194], for the same two simulated brain conditions (baseline and hypoxia). The 

same post-processing correction of the haemodynamic and metabolic maps from 

Study 1 is also applied, using (3.10), (3.11) and (3.12). 

The resulting maps for both the two different combinations of wavelengths are 

shown in Fig. 3.12. A first qualitative comparison of the two new sets of results 

with the previous corrected maps in Fig. 3.10, using 121 NIR wavelengths at 1-nm 

sampling, highlights very little and non-significant differences with the results in 

Fig. 3.12, using either 25 or 8 wavelengths. Image quality is almost equivalent be-

tween the three sets of maps, suggesting that this is not affected by scaling down 

the number of wavelengths from 121 to 25 and then 8.   

Calculation of the spatial averages <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> 

of the relative changes in the concentrations of HbO2, HHb and oxCCO is also per-

formed in the same two ROIs used in Study 1, for both the two sets of new maps at 
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Figure 3.12: a, d) Haemodynamic maps of the relative changes Δ[HbO2] in the concentration of HbO2, between baseline and hypoxia, after post-

processing correction; b, e) Haemodynamic maps of the relative changes Δ[HHb] in the concentration of HHb, between baseline and 

hypoxia, after post-processing correction; c, f) Metabolic maps of the relative changes Δ[oxCCO] in the concentration of oxCCO, be-

tween baseline and hypoxia, after post-processing correction. The first row of maps (a, b, c) corresponds to the dataset obtained using 

only 25 arbitrary NIR wavelengths between 780 and 900 at 5-nm sampling, while the second row of maps (d, e, f) corresponds to the 

dataset for the optimal combination of 8 NIR wavelengths (784, 800, 818, 835, 851, 868, 881 894 nm). 
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25 and 8 wavelengths. All these values are shown in Tab. 3.5: they differ marginally 

from the corresponding ones in Study 1, relative to the data at the ‘gold standard’ 

of 121 NIR wavelengths. The relative differences in the corresponding estimates of 

<Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> in both ROIs vary only from 0% (iden-

tical results) to a maximum of 2.1%, between the three combinations of selected 

wavelengths. In particular, the accuracy in quantifying the relative changes in the 

concentrations of HbO2, HHb and oxCCO do not seem to be significantly affected 

by the reduction in the spectral information, from the maximum allowable number 

of 121 wavelengths in the selected NIR range down to the optimal combination of 

only 8 NIR spectral bands. Therefore, these results corroborate the findings of Ari-

fler et al [194] that were estimated for bNIRS, extending them also to HSI targeting 

brain metabolism via CCO. 

 

Table 3.5: Comparison between the spatial average changes <Δ[HbO2]>, <Δ[HHb]> and 

<Δ[oxCCO]> in the concentrations of HbO2, HHb and oxCCO and the corre-

sponding theoretical values in two different ROIs of 10x10 pixels on the recon-

structed haemodynamic and metabolic maps after post-processing correction. 

The results of Study 2 are shown for the datasets obtained with 25 NIR wave-

lengths (top) and for an optimal combination of 8 NIR wavelengths (bottom). 

Results with 25 NIR wavelengths between 780 and 900 nm, at 5-nm sampling: 

ROI 

HbO2 (µM) HHb (µM) oxCCO (µM) 

Theoret-

ical 
<Δ[HbO2]> 

Theoret-

ical 
<Δ[HHb]> 

Theo-

retical 
<Δ[oxCCO]> 

Vascu-

lature 
-465.12 -474.2±10.92 1162.79 1192.3 ±17.7 0 -2.843±0.60 

Grey 

matter 
-17.44 -19.37±0.30 43.60 48.56±0.71 -3 -3.117±0.22 

Results with 8 optimal NIR wavelengths  

(784, 800, 818, 835, 851, 868, 881 and 894 nm): 

ROI 

HbO2 (µM) HHb (µM) oxCCO (µM) 

Theoret-

ical 
<Δ[HbO2]> 

Theoret-

ical 
<Δ[HHb]> 

Theo-

retical 
<Δ[oxCCO]> 

Vascu-

lature 
-465.12 -474.9±13.04 1162.79 1199.9±34.5 0 -3.021±0.8 

Grey 

matter 
-17.44 -19.39±0.37 43.60 48.57±0.87 -3 -3.102±0.30 
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3.3.3 Results of Study 3 

The results of the first run of the MC HSI framework in Study 3, where only the 

metabolic response associated with CCO is simulated during the hypoxic condition 

with no changes in haemoglobin in the domain, provides an insight on the influence 

of crosstalk and partial pathlength effects on the reconstruction of the simulated 

hyperspectral data. The set of haemodynamic and metabolic maps calculated from 

the hypercubes simulated in this scenario, using the optimal combination of 8 wave-

lengths (784, 800, 818, 835, 851, 868, 881 and 894 nm) from Study 2, are shown in 

Fig. 3.13, for Δ[HbO2], Δ[HHb] and Δ[oxCCO]. No post-processing correction was 

performed in this case.  

Figure 3.13: Haemodynamic and metabolic maps of the relative changes Δ[HbO2] (a), 

Δ[HHb] (b) and Δ[oxCCO] (c) in the concentration of HbO2, HHb and ox-

CCO, between baseline and a hypoxic condition, during which only the met-

abolic response occurs (no simulated changes in haemoglobin). These results 

are from the simulations run using a combination of 8 NIR wavelengths 

(784, 800, 818, 835, 851, 868, 881 and 894 nm). 
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In the absence of any replicated haemodynamic response in the simulations, the 

haemodynamic maps do not display any contrast provided by the changes Δ[HbO2] 

and Δ[HHb] in haemoglobin, neither in the vasculature nor in the surrounding tis-

sue. Therefore, no crosstalk effect from CCO is found. The image quality of the 

metabolic map is higher compared to the results from Study 1, due to the lower 

influence of the optical signatures of haemoglobin in the data. However, non-zero 

relative changes in the concentration of oxCCO are still estimated in the vessels, 

even though the vasculature does not contain any CCO. 

Further validation to these deductions is obtained by looking at the spatial av-

erages <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> of the relative changes in the con-

centrations of HbO2, HHb and oxCCO, again calculated for the same two ROIs 

analysed in the previous studies. As reported in Tab. 3.6, the values of the averages 

<Δ[HbO2]> and <Δ[HHb]> in both ROIs are close to zero. Larger and still non-

negligible spurious measurements are estimated for oxCCO from the analysis of the 

spatial averages <Δ[oxCCO]> in the ROI corresponding to the vasculature (-3.018 

µM). The magnitude of these is still in the same order of the simulated relative 

change in concentration of oxCCO (-3 µM). Finally, a more accurate quantification 

of the relative change Δ[oxCCO] in CCO in the metabolic map emerges from the 

calculation of the spatial average <Δ[oxCCO]> in the ROI corresponding to the 

grey matter (-3.098 µM), which appears closer to the effective simulated change in 

oxCCO than the result from Study 1 (-3.156 µM). The corresponding estimation 

error is about 3.27% (against 5.2% in Study 1). 

 

Table 3.6: Comparison between the spatial average changes <Δ[HbO2]>, <Δ[HHb]> and 

<Δ[oxCCO]> in the concentrations of HbO2, HHb and oxCCO and the corre-

sponding theoretical values in two different ROIs of 10x10 pixels on the recon-

structed haemodynamic and metabolic maps, for the results of Study 3 with 8 

NIR wavelengths, when only the metabolic response occurs. 

ROI 

HbO2 (µM) HHb (µM) oxCCO (µM) 

Theoret-

ical 
<Δ[HbO2]> 

Theoret-

ical 
<Δ[HHb]> 

Theoret-

ical 
<Δ[oxCCO]> 

Vascu-

lature 
0 0.049±0.03 0 0.628±0.04 0 -3.018±0.03 

Grey 

matter 
0 0.029±0.03 0 0.637±0.07 -3 -3.098±0.02 
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Additional insight on the phenomenon of partial pathlength effect is inferred 

from the results of the second run of the MC HSI framework in this study: contrarily 

to the previous run, only the haemodynamic response from haemoglobin during the 

hypoxic condition is simulated in this case, in both the vasculature and the grey 

matter, while no change in CCO occurs in the grey matter. Again, the simulations 

are run for the same optimal combination of 8 NIR wavelengths and no post-pro-

cessing correction is applied to the three reconstructed maps. Fig. 3.14 illustrates 

the haemodynamic and metabolic maps of Δ[HbO2], Δ[HHb] and Δ[oxCCO] ob-

tained from the simulations with only changes in haemoglobin.  

Figure 3.14: Haemodynamic and metabolic maps of the relative changes Δ[HbO2] (a), 

Δ[HHb] (b) and Δ[oxCCO] (c) in the concentration of HbO2, HHb and ox-

CCO, between baseline and a hypoxic condition, during which only the hae-

modynamic response is simulated (no oxCCO change occurs). 

 

As expected, both the haemodynamic maps, when only changes in haemoglobin 

occur, again measure and localise the simulated haemodynamic response in both 
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the vasculature and the grey matter, similarly to the results obtained for Study 1 

with 121 wavelengths (before post-processing correction), as seen in Fig. 3.14a and 

Fig. 3.14b. The changes Δ[HbO2] and Δ[HHb] in the vessels are still greatly under-

estimated, suggesting that the underestimation is not affected by the presence of the 

metabolic response of CCO and thus is not generated by crosstalk. Furthermore, no 

contrast between vasculature and grey matter appears in the metabolic map.  

The analysis of the spatial averages <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> 

in the two selected ROIs (Tab. 3.7) clearly demonstrates the extent of the relative 

changes in the concentrations of oxCCO still present in the metabolic map is very 

minimal (-0.086 µM on average in the ROI including only the grey matter), as well 

as any occurrence of spurious measured changes in the concentration of oxCCO in 

the vessels (<Δ[oxCCO]> equal to -0.083 µM in the vasculature), compared to the 

results in Study 1 (Tab. 3.2). 

 

Table 3.7: Comparison between the spatial average changes <Δ[HbO2]>, <Δ[HHb]> and 

<Δ[oxCCO]> in the concentrations of HbO2, HHb and oxCCO and the corre-

sponding theoretical values in two different ROIs of 10x10 pixels on the recon-

structed haemodynamic and metabolic maps, for the results of Study 3 with 8 

NIR wavelengths, when only the haemodynamic response occurs. 

ROI 

HbO2 (µM) HHb (µM) oxCCO (µM) 

Theoret-

ical 
<Δ[HbO2]> 

Theoret-

ical 
<Δ[HHb]> 

Theoret-

ical 
<Δ[oxCCO]> 

Vascu-

lature 
-465.12 -32.74±1.34 1162.79 82.17±2.64 0 -0.083±0.80 

Grey 

matter 
-17.44 -19.21±0.36 43.60 47.65 ±0.83 0 -0.086±0.28 

 

The findings in Study 3 further validate the assumption that the spurious meas-

ured signals in a region of the maps are not affected by the presence of the concen-

tration change of another chromophore (crosstalk between the chromophores), but 

purely arise from partial pathlength effects. 

 

3.3.4 Results of Study 4 

The new HSI configurations tested in the fourth and final study run with the MC 
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HSI framework implements small localised illumination fields and detection FOVs 

centred on regions of the domain surface that are composed only of one medium 

(either vessels or grey matter). This is done to explore the possibility of improving 

accuracy in quantifying brain haemodynamic and metabolic responses in the vas-

culature and the grey matter during the hypoxic condition and the relative changes 

in concentration of HbO2, HHb and oxCCO, compared to the earlier results obtained 

in Study 1 and Study 2, without the need of post-processing correction.  

Two examples of alternative HSI configuration are tested in this study: (1) an 

illumination field and FOV of 0.2x0.2 mm located entirely over grey matter; and 

(2) an illumination field and FOV of 65x65 µm encompassing only vasculature. 

The MC framework is run again using the optimal combination of 8 wavelengths 

(784, 800, 818, 835, 851, 868, 881 and 894 nm) for both tested HSI configurations. 

The reconstruction is performed in the same way as for the previous studies, provid-

ing haemodynamic and metabolic maps composed of 185x185 pixels. Since the 

tested FOVs are now smaller (0.2x0.2 mm and 65x65 µm respectively, against the 

previous 1.2x1.2 mm FOV), the size of the pixels decreases from 6.5 µm to 1.08 

µm, for the FOV on the grey matter, and to 0.35 µm, for the FOV over the vascu-

lature. No post-processing correction is applied to the reconstructed hyperspectral 

data obtained with the new simulated HSI configurations. 

The reconstructed maps for the localised illumination and imaging are not re-

ported: this is because they do not show any significant spatial contrast, since the 

new configurations involves the FOV being located entirely over a homogeneous 

area of the domain including only one medium, with no features to be differentiated. 

Spatial averages <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> of the relative 

changes in the concentrations of HbO2, HHb and oxCCO are calculated from the 

reconstructed haemodynamic and metabolic maps for specific ROIs in each of the 

two tested FOVs: for the first tested FOV, a ROI of 60x60 pixels concentric with 

the 0.2x0.2mm FOV located over the grey matter is chosen, while for the second 

example, the chosen ROI coincides with the whole FOV positioned on the vascula-

ture. Both ROIs correspond to square regions of about 65x65 µm of the domain. 

This is done to conduct the spatial average analyses on exactly the same portions of 

grey matter and vasculature that were targeted in all the previous studies. All the 
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results for <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> in the two ROIs for the two 

tested alternative HSI configurations are reported in Tab. 3.8. 

An improvement in the quantification of the concentrations of both HbO2 and 

HHb in the grey matter is achieved with the first new configuration, without post-

processing correction, compared to the corresponding values obtained in Study 1 

for the same ROI (Tab. 3.2). The spatial averages <Δ[HbO2]> and <Δ[HHb]> in the 

ROI for the 0.2x0.2 mm FOV stand at -17.67 µM for <Δ[HbO2]> and 44.64 µM for 

<Δ[HHb]>, against -19.39 µM and 48.72 µM, respectively for Study 1. The new 

values are much closer to the theoretical simulated changes in the concentration of 

HbO2 and HHb in the grey matter (-17.44 µM for HbO2 and 43.60 µM for HHb). 

The quantification errors for <Δ[HbO2]> and for <Δ[HHb]> with the new configu-

ration decrease to about 0.75% and 2.11% respectively, against 10.4% and 11.3% 

for Study 1. This is due to targeting a smaller volume of cerebral tissue, thus reduc-

ing the influence of scattering on the estimated average photon pathlengths, as well 

as to avoiding the illumination of the vasculature, which significantly reduces the 

possibility that a photon may have travelled through that region. 

 

Table 3.8: Comparison between the spatial average changes <Δ[HbO2]>, <Δ[HHb]> and 

<Δ[oxCCO]> in the concentrations of HbO2, HHb and oxCCO and the corre-

sponding theoretical values in two different ROIs on the reconstructed haemo-

dynamic and metabolic maps. The results of Study 4 are obtained with alterna-

tive HSI configurations, using a FOV entirely located over grey matter (top) 

and another located only over vasculature (bottom). 

Results with 8 NIR wavelengths for a 0.2x0.2 mm FOV located only over grey matter: 

ROI 

HbO2 (µM) HHb (µM) oxCCO (µM) 

Theoret-

ical 
<Δ[HbO2]> 

Theoret-

ical 
<Δ[HHb]> 

Theo-

retical 
<Δ[oxCCO]> 

Grey 

matter -17.44 -17.67±0.67 43.60 44.62±1.52 -3 -3.121±0.37 

Results with 8 NIR wavelengths for a 65x65 µm FOV located only over vasculature: 

ROI 

HbO2 (µM) HHb (µM) oxCCO (µM) 

Theoret-

ical 
<Δ[HbO2]> 

Theoret-

ical 
<Δ[HHb]> 

Theo-

retical 
<Δ[oxCCO]> 

Vascu-

lature -465.12 -263.8±16.97 1162.79 667.7±31.8 0 -2.391±1.32 
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Furthermore, the quantification of the relative changes in the concentration of ox-

CCO achieved with the alternative hyperspectral configuration located over the 

grey matter is also slightly more accurate than the one obtained in Study1 (-3.121 

µM for <Δ[oxCCO]> with the 0.2x0.2 mm FOV, compared to -3.156 µM with the 

1.2x1.2 mm FOV) and thus closer to the simulated metabolic response (-3 µM). 

The estimation error of <Δ[oxCCO]> with the new HSI configuration is about 

4.03% (compared to 5.2% with the larger FOV used in Study 1). This is the most 

accurate quantification of the metabolic response from oxCCO obtained among all 

the reported studies (excluding the unrealistic cases of Study 3). 

Similar results are obtained for the second tested HSI configuration using a 

FOV of 65x65 µm located entirely over the vasculature, although the improvement 

in the quantification of the haemodynamic response is less effectual. The spatial 

averages <Δ[HbO2]> and <Δ[HHb]> in the 65x65 µm FOV stand at -263.8 µM for 

<Δ[HbO2]> and 667.7 µM for <Δ[HHb]>, against -31.09 µM and 86.25 µM, re-

spectively for Study 1. The new values still provide a significant underestimation 

of the haemodynamic responses of both HbO2 and HHb, yet they show better accu-

racy in the quantification, with estimation errors for <Δ[HbO2]> and for <Δ[HHb]> 

of about 43.3% and 42.6% respectively. This is still a critical improvement com-

pared to the quantification error of 92.9% in Study 1.  

Finally, the reduction of the illumination field and the FOV to include only 

vasculature is also able to mitigate the magnitude of the spurious measured signal 

from oxCCO in the same medium of the haemodynamic maps. Tab. 3.8 shows that 

the spatial average <Δ[oxCCO]> of the concentration change of oxCCO in the vas-

culature now stands at -2.391 µM with the 65x65 µm FOV, compared to -2.929 µM 

with the 1.2x1.2 mm FOV in Study 1. This correspond to a reduction in the partial 

pathlength effect affecting oxCCO of about 18.4%. 

The limits in the efficacy of the alternative HSI configuration located over the 

vasculature, compared to the previous one, can be reconducted to the presence of 

grey matter beneath the vessels (only 100 µm in diameter at most). Therefore, some 

photons would have interacted with such medium, even though the FOV encom-

passes a portion of the surface of the domain including only vasculature. This is the 

source of the partial pathlength effect that still produces both the underestimation 
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of the haemodynamic response and the spurious measured signal from oxCCO. 

 

3.4 Discussion and conclusions 

A MC framework simulating HSI and quantitative monitoring of the haemody-

namic and metabolic states of the exposed cortex has been described and tested here 

for a realistic meshed domain, generated from in vivo data and replicating mouse 

cerebral vasculature and grey matter. The efficacy in modelling hyperspectral illu-

mination and data acquisition was demonstrated, using up to 121 wavelengths in 

the NIR range between 780 and 900 nm and 3 visible wavelengths (600, 630 and 

665 nm), as well as for reproducing measurements of the relative changes in the 

concentrations of HbO2, HHb and oxCCO in the form of haemodynamic and met-

abolic maps. The MC framework can be also flexibly tuned for different applica-

tions, as well as different number and ranges of wavelengths, making it a powerful 

and reusable tool for simulating HSI, due to its ability to reproduce complex meshed 

domains of various types of tissue from real data. 

Preliminary studies with the MC framework proved the suitability of HSI as an 

optical imaging modality for spatially and quantitatively monitoring the haemody-

namic and metabolic responses of the exposed cortex to hypoxia, using visible, NIR 

light or both: the haemodynamic response was correctly localised in the vasculature 

with high spatial resolution, while changes in the concentrations of HbO2, HHb and 

oxCCO were also accurately estimated in the grey matter. Furthermore, it was 

showed that reducing the number of simulated wavelengths (as long as they are 

evenly sampled across the NIR range between 780 and 900 nm) down to an optimal 

combination of only 8 does not significantly affect the quality of the hyperspectral 

data, nor provide significant differences in the accuracy of the quantification of both 

the haemodynamic and metabolic responses.  

Two different approaches were then proposed to further improve image recon-

struction and quantification, as well as to mitigate the effects of spurious measured 

signals: (1) a spatially selective, post-processing correction taking into account the 

differences in the partial pathlengths of the detected photons, which enhanced im-

age contrast in the haemodynamic maps and the accuracy of the quantification of 
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the haemodynamic response in the vasculature with an estimation error of less than 

3% and 7% for only the NIR range and for both NIR and visible light, respectively; 

(2) the use of localised and selective hyperspectral illumination and detection, in 

particular set on a portion of the exposed cortex including only grey matter, which 

improved the accuracy of the quantification of both the haemodynamic and meta-

bolic responses in that region (estimation errors of less than 2.5% for haemoglobin 

and 4% for CCO), without the need of any post-processing correction.  

 

3.4.1 Discussion 

The comparison between the hyperspectral results obtained by simulating only NIR 

light (121 wavelengths between 780 and 900 nm) and those obtained with a com-

bination of NIR and visible light (by adding 3 visible wavelengths to the previous 

121) has highlighted advantages and disadvantages of utilising also the visible spec-

trum for HSI of the haemodynamic and metabolic states of the exposed cortex. In 

particular, the quantification of the haemodynamic and metabolic responses in the 

brain was found to be more accurate with the use of solely NIR light. The same was 

valid for the results of the post-processing correction. This may be due to the higher 

specificity of the use of NIR wavelengths in the range 780-900 nm, which accu-

rately target the predominant CuA peak of CCO. Conversely, the use of visible light 

below 700 nm makes the signal more prone to be contaminated by the signatures of 

HbO2 and HHb, which present higher absorption in such range. Furthermore, in a 

realistic in vivo scenario the measured optical signal in the visible range can also be 

influenced by different species of cytochrome, all having similar spectra but differ-

ent chemical and physiological behaviours during metabolism. This can be explored 

in future developments and improvements of the MC framework, by refining the 

optical properties of the grey matter with the inclusion of other forms of cytochrome 

(such as cytochrome c). Nonetheless, the addition of visible wavelengths to the re-

constructed data has the benefit of increasing image quality and spatial resolution 

of the haemodynamic and metabolic maps, due to the higher intrinsic contrast pro-

vided by haemoglobin and CCO in the visible range, as well as the lower influence 

of light scattering and diffusion in tissues. Therefore, the results of Study 1 suggest 

the utility of acquiring hyperspectral data with both NIR and visible light and then 
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process them in two separate ranges: (1) processing only NIR light provides the 

maximum accuracy for the quantification, while (2) processing together both NIR 

and visible wavelengths allows to obtain the best image quality.  

Both the underestimation in the quantification of the changes in the concentra-

tions of haemoglobin in the vasculature, as well as the occurrence of spurious meas-

ured changes in the concentration of oxCCO in same region (where the MC frame-

work did not simulate such concentration change), are speculated to be only caused 

by the large differences in the partial pathlengths of the detected photons between 

the two media. These differences are not taken into account when applying MBLL, 

since this only consider the total photon pathlength of the photons (as discussed 

among the limitations of MBLL in Sec. 2.3.1). Relevant insights on this phenome-

non are highlighted by the findings from the first part of the third study: the haemo-

dynamic maps obtained from simulating only metabolic response during hypoxia 

demonstrated that negligible relative changes in the concentrations of HbO2 and 

HHb occur in both the vessels and the surrounding grey matter in absence of hae-

modynamic response. Spurious signals from oxCCO still appear in the vasculature, 

in the same order of magnitude of the relative changes in concentrations of oxCCO 

due to actual metabolism. Nevertheless, the quantification of Δ[oxCCO] in the cen-

tral tissue was still accurate and closer to the actual change in oxCCO than the re-

sults of the Study 1. This suggests that partial pathlength effects do not affect sig-

nificantly the quantification of the metabolic response in the same region and the 

changes in CCO do not arise as a crosstalk from the haemoglobin signals. Thus, the 

measured data obtained for Δ[oxCCO] in the grey matter are primarily connected 

to the optical signature of CCO, proving the efficacy of HSI to retrieve metabolic 

signal in the exposed cortex. This conclusion is furtherly supported by the results 

from the second part of third study, where oppositely only the haemodynamic re-

sponse in the was simulated, showing no changes in Δ[oxCCO] in both the haemo-

dynamic and metabolic maps, as expected. 

No major differences were found in the outcomes of the second study using an 

optimal combination of 8 wavelengths in the NIR range between 780 and 900 nm, 

compared to the results of the first study using the maximum allowable number of 

121 NIR wavelengths. This finding is advantageous for designing the experimental 
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benchtop HSI system targeted in this thesis work, for monitoring haemodynamic 

and metabolism in the exposed cortex of small animals: reducing the number of 

necessary wavelengths needed to obtain accurate data decreases complexity and 

cost of the instrumentation, as well as computational burden to process a smaller 

volume of hyperspectral data. 

Finally, the results of the fourth study provided a preliminary proof of concept 

for the use of an alternative HSI imaging approach based on localised and selective 

hyperspectral illumination and detection, primarily to increase the accuracy in the 

quantification of the haemodynamic and metabolic response in the grey matter, 

without the need of post-processing correction. The application of the same ap-

proach to mitigate the underestimation of the haemodynamic response in the vas-

culature, as well as the occurrence of spurious measured signal from oxCCO in the 

same medium, was also validated, although this was found to be not as effective as 

the post-processing correction. 

 

3.4.2 Limitations of the MC framework and future directions 

The current version of the MC HSI framework presented in this chapter has few 

limitations that can be further refined and improved in the future. Amongst them, 

the lack of modelling of any imaging optical instrumentation on the detector side is 

of critical importance. As previously discussed, the MC framework does not con-

sider any distance between the domain and the 2D detector, as well as any lens or 

similar component for the collection and focusing of the simulated light. Therefore, 

potential losses and errors arising from these factors have not been taken into ac-

count. Although MMC does not implement optical components in the simulations, 

these could be approximately replicated by considering the information on the exit 

directions of the detected photons at the top surface of the domain. These directions 

are simulated and provided as outputs of the simulations by the code, and they could 

be used to perform basic calculations of optical geometry for focusing and imaging. 

For a more realistic and comprehensive modelling of optics and wide-field imaging, 

the MC HSI framework could be coupled in the future with an optical design soft-

ware, such as OpticStudio from Zemax [221], that allows one to replicate existing 

instrumentation (commercial lenses, objectives and other similar components) and 
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to run MC simulations with it. 

Investigations on the influence of the source-to-domain distance, as well as of 

the detector-to-domain distance, on the reconstruction of the hyperspectral data 

could also be explored. Similarly, the impact on the simulated data of the angle of 

incidence of the hyperspectral illumination on the targeted domain could be signif-

icant, particularly in regard of the potential occurrence of specular reflection to the 

detector. These factors can all be accounted for and studied in the next versions of 

the MC HSI framework. 

The segmentation methodology of the MC HSI framework for creating the bi-

nary mask from a 2D in vivo image can also be improved, moving from a simple 

manual segmentation software like Sefexa used here to more advanced techniques, 

such automatic and numerical segmentation approaches [222]. 

Additional refinements to the modelling of the meshed domain of the exposed 

brain cortex used in the MC framework could involve the inclusion and replication 

also of sub-cortical microvasculature underneath the superficial main vasculature. 

Since no a priori information of this deeper vasculature can be retrieved from the 

in vivo 2D images used to create the domain, 3D dataset would then be required, 

such as MRI scans of mouse brain. Alternatively, 3D atlases of mouse brain micro-

vasculature could be used, some of these already available in the literature [223]–

[225]. However, it could be difficult to interface a generic atlas with the superficial 

vessels from the in vivo 2D images, as the two sets of vascular geometries would 

not combine spatially and geometrically. Furthermore, adding microvasculature be-

neath the surface of the meshed domain, although making the MC framework even 

more realistic, may not add any significant imaging information to the hyperspectral 

data, as the depth resolution of the simulated light could not be enough to allow the 

visualisation of these features. In addition to this, the grey matter medium simulated 

in the current version of the MC framework already includes in its optical properties 

the presence of haemoglobin that would be contained in the deeper microvascula-

ture, even without a geometry for these vessels. Thus, its effect on the pathlength 

of the simulated photons is already taken into account for. 

The current version of the MC framework also does not consider any potential 

difference in the scattering properties between vasculature and grey matter, as the 
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scattering coefficients in all the media of the meshed domain are assumed to only 

depend on the simulated wavelengths used for illumination. Such approach is com-

monly used in most MC routines modelling biological tissues for NIRS and DOT, 

where scattering coefficients are typically available in literature for whole organs 

or for types of tissues (e.g. breast, brain, skin, skull, CSF) [16].  Estimating a spe-

cific scattering coefficient for the vasculature would require to accurately know the 

molecular and structural composition of such medium, as the scattering coefficient 

would be affected by the optical properties of blood cells, plasma and the endothe-

lial walls. An approximation for this would be to consider only the scattering coef-

ficient of pure blood. However, the current literature lacks of consistent sources that 

provide reference values for the scattering properties of pure blood. The available 

reference values also typically vary greatly and even strongly disagree between dif-

ferent sources, ranging from around 10 mm-1 (and thus almost equivalent to the 

scattering coefficient of generic brain tissue) [16] up about 67.5 mm-1 [226]. Fur-

thermore, using a different scattering coefficient for vasculature and grey matter 

may not significantly affect the reconstructed data from the HSI simulations, as this 

would not vary between the baseline and hypoxic conditions and thus not strongly 

influence the calculations using MBLL, due to its fundamental assumptions (as de-

scribed in Sec. 2.3.1 and Sec. 2.5.3). 

Finally, the MC framework would benefit from a numerical evaluation of po-

tential sources of errors in the simulations. This can include errors introduced by: 

the (1) domain geometry, such as caused by meshing or potentially generated in the 

expansion of the 2D binary map to a 3D meshed structure; (2) the boundary effects 

at the interfaces between the two considered media; (3) the choice of pre-set param-

eters used for the MC simulations with MMC (e.g. the weight threshold values). A 

preliminary validation of the MC framework could be performed by testing the HSI 

model on simple and homogeneous geometries, whereas a more exhaustive verifi-

cation of its accuracy could include testing the MC framework against other numer-

ical methods, such as FEM or analytical solutions of the diffusion equation. 

Regarding future applications of the MC framework to HSI monitoring of hae-

moglobin and CCO in the exposed cortex, these could include the simulations and 

investigation of additional cerebral physiological conditions besides hypoxia, such 
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as hyperoxia, hyperaemia (i.e. an abnormal increase in CBV) and other irregular 

brain haemodynamic and metabolic responses. 

The analysis on the optimal selection of the wavelengths for HSI monitoring of 

haemoglobin and CCO could be further expanded and reinforced by also simulating 

haemodynamic and metabolic maps for alternative combinations of spectral bands 

outside the one demonstrated by Arifler et al [194], compared to the golden stand-

ard of 121. Furthermore, an analogue assessment and optimisation could also be 

performed for the selection of the visible wavelengths. This would reinforce the 

scientific justification behind the choice of using specific spectral bands. 

Some of the findings obtained from the studies in Sec. 3.3 using the MC frame-

work will be translated into the experimental setting developed in this thesis and 

could improve the performances of the benchtop HSI system for targeting the rela-

tive changes of concentration of HbO2, HHb and oxCCO on the exposed cerebral 

cortex. Furthermore, the MC framework can be easily coupled with the HSI instru-

mentation to aid hyperspectral data acquisition and reconstruction for in vivo appli-

cations. This will be explored and described in Sec. 5.4. 

Finally, the new configurations tested in Study 4, as well as the hyperspectral 

processing algorithms here reported, can also be validated under controlled experi-

mental conditions, e.g. using optical phantoms [227]. Moreover, the tested HSI con-

figurations could be further explored and developed in the future, e.g. by spatially 

scanning larger FOVs including both vasculature and grey matter or by applying 

modulated illumination techniques similar to those used in spatial frequency-do-

main imaging (SFDI) and structured illumination imaging [228], [229]. 

 

3.4.3 Summary of the outcomes 

The first example in literature of MC modelling of HSI of the haemodynamic and 

metabolic states of the exposed cerebral cortex has been demonstrated in this chap-

ter. This provides the foundation for the design and development of the physical 

setup at the core of this thesis. In particular, the investigations performed with the 

MC framework have produced the following outcomes: 

▪ Demonstrating numerically the feasibility of HSI mapping and quantifica-

tion of changes in concentration of HbO2, HHb and oxCCO on the exposed 
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cerebral cortex, with assessment of the related performances and accuracy; 

▪ Selection of an optimal number of 8 NIR wavelengths for CCO quantifica-

tion, comparable in accuracy to the golden standard of 121 spectral bands; 

▪ Numerical validation of the physiological origins of the optical signatures 

measured with HSI from the three targeted chromophores; 

▪ Development of a spatially-selective, post-processing correction to enhance 

image contrast and quantification of the reconstructed haemodynamic maps.   
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Chapter 4 
 

Opto-electronics for customised HSI 

solutions 

 
The results of the investigations with the MC framework in Chapter 3 have provided 

insight on the feasibility of using HSI to monitor and map the haemodynamic and 

metabolic states of the exposed cerebral cortex. Thus, the following step in this 

thesis work requires to translate these findings into a physical setup that has to be 

designed and developed, according to the specific requirements for this application, 

i.e. monitoring in vivo changes in HbO2, HHb and oxCCO. These requirements are 

inferred from both the literature review presented in Chapter 2 and from some of 

the outcomes of the MC simulations of HSI in Chapter 3. In particular, quantitative 

threshold values for the technical specifications of the HSI system to be designed 

and built in this thesis are outlined, including image quality performances (spatial, 

resolution, SNR and FOV), spectral performances (number of available spectral 

bands, spectral resolution and sampling), temporal performances (hypercube rate), 

output illumination power, as well as compactness and total cost of the setup (dic-

tated by the funding available for the current PhD project). These minimum require-

ment criteria that have to be met by the design of the HSI system are reported in 

Tab. 4.1. The requirement in terms of spatial resolution is driven by the necessity 

to resolved cortical vasculature possibly down to capillary level (few μm in diame-

ter), whereas the temporal resolution of the HSI setup should be sufficiently high to 

capture the temporal dynamics of the cerebral haemodynamic and metabolic re-

sponses under established systemic brain conditions, such as cerebral oxygen chal-

lenges (hyperoxia, hypoxia and anoxia) As described in Sec. 2.5.3, these temporal 

dynamics usually span over few seconds after inception.   
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Table 4.1: Minimum requirements and threshold values for the technical specifications and 

performances of the HSI system to be designed and developed in this thesis. 

Specifications Minimum requirements 

Spatial resolution (FWHM): 5-10 μm  

FOV: 2x2 mm 

SNR: 100-150 

Sensitivity (QE): 50-60% 

Spectral range: 
Visible (500-700 nm) 

NIR (780-900 nm) 

Number of spectral bands: 8 to 11 (visible and NIR) 

Spectral resolution (FWHM): 10-12 nm  

Spectral sampling: 10-20 nm 

Average power per spectral band: 50-100 μW 

Hypercube rate: 0.2-0.25 hypercubes/s 

Compactness: 
As compact and 

transportable as possible 

Total cost: £25,000-30,000 

Note: FWHM, full-width half maximum; FOV, field of view; SNR, signal-to-noise ratio; QE, quan-

tum efficiency; NIR, near-infrared; 

 

Regarding the hyperspectral acquisition mode of the HSI system to be built, 

snapshot techniques would be preferred for in vivo imaging applications. Few com-

mercial snapshot cameras are also available on the market, which would offer an 

off-the-shelf HSI solution for the design of the setup. An example of commercial 

snapshot camera was tested and investigated, during this thesis project, on the ex-

posed cortex of mice during hyperoxia, hypoxia and anoxia. This is described in 

Appendix A. However, as also highlighted by the testing of the snapshot camera in 

Appendix A, current commercial HSI systems present several weaknesses that 

makes them unsuitable for haemodynamic and metabolic monitoring of cerebral 

tissue via haemoglobin and CCO targeting. The two major issues with current com-

mercial snapshot solutions for brain metabolic imaging are represented by: (1) spa-

tial resolution, primarily dictated by the trade-off with spectral resolution and sam-

pling in the simultaneous acquisition of spatial and spectral information; and (2) 

cost, which typically exceed £25,000-£30,000 (just for the camera itself). Both 
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these two complications are associated with the process of snapshot reconstruction 

of the hypercubes, that generally tends to sacrifice image quality, in particular spa-

tial resolution and SNR, to achieve higher spectral resolution and a larger number 

of imaged wavelength bands, as well as increasing the complexity and cost of the 

instrumentation involved.  

The spectral characteristics of commercial HSI cameras indeed offer flexibility 

in the selection of the wavelengths to be used for imaging brain tissue in vivo. How-

ever, as mentioned several times in this thesis, a very high number of spectral bands 

(several tens or even hundreds) across a broad range (typically more than 500 nm 

in width) effectively is not strictly required in order to correctly differentiate the 

metabolic response associated with the redox states of CCO from the haemoglobin 

signal in the NIR range. Arifler et al [194] demonstrated that the selection of eight 

optimal NIR wavelengths (784 ± 0, 800 ± 3, 818 ± 3, 835 ± 4, 851 ± 6, 868 ± 5, 881 

± 1 and 894 ± 1 nm) already reduces the mean error in the simultaneous recovery 

of Δ[HbO2], Δ[HHb] and Δ[oxCCO] of less than 2%, compared to the ‘gold stand-

ard’ of 121 wavelengths between 780-900 nm. This finding was also supported and 

validated by the results performed with the MC HSI framework in Sec. 3.3.2, where 

no substantial differences were shown in the image quality of the haemodynamics 

and metabolic maps, as well as in the quantification of the relative changes in the 

concentrations of HbO2, HHb and oxCCO, between the optimal selection and 

higher numbers of NIR wavelengths (25 and 121, respectively). Therefore, a HSI 

solution that involves the acquisition of only the aforementioned spectral bands, 

with the addition of few more (particularly in the visible range, to increase haemo-

dynamic contrast from haemoglobin), could ideally be implemented at a reduced 

cost, compared to commercial snapshot cameras, and thus focusing more on en-

hancing image quality and spatial resolution of the hypercubes. The targeting of a 

smaller number of spectral bands has also the significant advantage of providing a 

considerably smaller volume of hyperspectral data to acquire, store and analyse.  

Taking into account the discussion above, different custom-made HSI solutions 

involving the integration of various opto-electronic components for illumination, 

spectral separation and image acquisition have been then analysed thoroughly in 

this thesis work: this was done in order to select the optimal bespoke alternative to 



 

154                    Chapter 4. Opto-electronics for customised HSI solutions                                                     

    

commercial hyperspectral setups that could satisfy the criteria stated in Tab. 4.1, in 

particular in terms of balance between imaging performances, compactness and 

overall cost of the system. Several customised HSI solutions and opto-electronic 

components are reviewed and described in this chapter, highlighting their corre-

sponding benefits and drawbacks: firstly, a bespoke HSI setup for achieving snap-

shot acquisition mode is introduced, while the rest of the chapter focuses on alter-

native hyperspectral solutions based on spectral scanning mode. In particular, one 

of these solutions that involves the use of a supercontinuum laser coupled with 

AOTFs has also been tested in vivo on the exposed cortex of a mouse during hy-

peroxia. At the end of the chapter, a final decision regarding which HSI design has 

been selected for the development of the system built for this thesis is also reported, 

providing justifications to support the choice. 

 

4.1 A custom-made hyperspectral snapshot solution 

Snapshot-based hyperspectral systems have evident advantages for in vivo imaging 

applications, as it has been mentioned in Sec. 2.5.2, since they provide the fastest 

acquisition times and limit the occurrence of motion artefacts (that can be particu-

larly significant and frequent when imaging living targets and tissues). Thus, they 

ideally represent the preferred solution also for brain metabolic and haemodynamic 

monitoring. Nonetheless, snapshot acquisition mode is complex and technologi-

cally demanding to implement in customised setups and it requires specific tech-

niques and instrumentation to be achieved.  

In this section, the design of a bespoke snapshot NIR multiplexer is introduced 

and reviewed, based on a proposal of M. Pule, A. Jathoul and A. Pizzey (from UCL 

Department of Haematology) for measuring visible bioluminescence from lucifer-

ase [230]. The solution is centred on the simplest and most basic approach to snap-

shot acquisition mode, i.e. full-image hyperspectral multiplexing (as introduced in 

Sec. 2.5.2). This involves the simultaneous projection and recording of spectrally-

separated images of the whole FOV of the target onto the focal plane of the imaging 

detector. An example of such process is illustrated in Fig. 4.1 for an arbitrary num-

ber of 9 wavelength bands.  
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Figure 4.1: Diagram of the customised HSI setup involving the snapshot multiplexer (left). 

Every spectral image of the full FOV (in grey) is projected on the detector area 

to obtain an entire decomposed hypercube (right) within a single acquisition 

time. In this example, 9 spectral images are multiplexed. 

 

This acquisition method generates an obvious compromise between spatial and 

spectral resolution, since the number of allowable spectral bands and the pixel size 

of each multiplexed image depend on the portion of detector area that is allocated 

for every single spectral frame. Increasing by one the number of imaged spectral 

bands then decreases the spatial resolution of the images of a factor equivalent to 

the total number of frames per dimension of the detector (thus growing exponen-

tially the more wavelength bands are introduced). Nevertheless, the multiplexed 

hyperspectral acquisition permits to obtain a full hypercube (yet decomposed along 

its spectral dimension) in a single frame of the 2D detector and within a single in-

tegration time. This not only allows one to utilise the whole frame rate of the detec-

tor as the hypercube rate of the HSI system, but it also maximises light collection 

efficiency (as the full power output of the source is detected).  

In order to achieve this type of hyperspectral multiplexing methodology, proper 

spectral separation of the reflected light from the target has to be implemented for 

all the desired wavelengths. Furthermore, since all the selected wavelength bands 

need to be acquired simultaneously, the employed light source must provide illumi- 
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nation covering the entire considered spectral range. Thus, the proposed solution 

envisages the use of broadband illumination, coupled with multiple dichroic prisms 

that form the hyperspectral multiplexer. Dichroic prism are optical devices that split 

the light into two rays of different wavelength composition. As to obtain different 

spectral bands, ideally the close as possible to the 8 NIR wavelength bands reported 

by Arifler et al [194], several of these dichroic prisms have to be assembled to-

gether. The most efficient and compact way to achieve such spectral separation is 

through a dichotomous wavelength division in two stages: (1) in the initial stage, 

the reflected light coming from the target after broadband illumination (ideally be-

tween 780 and 900 nm) is separated into two spectral regions centred in the medium 

point of the considered wavelength range (for the monitoring of CCO this is at about 

840 nm); (2) in the second stage, each of the two separated beams undergoes further 

splitting using two dichroic prims assemblies, each separating the reflected light 

into four additional spectral bands before projecting the resulting eight wavelengths 

onto the detector focal plane. A diagram of the complete prism assembly is reported 

in Fig. 4.2, showing the different stages of light separation into the 8 optimal NIR 

spectral bands.  

Figure 4.2: Chart of the ideal spectral separation into 8 NIR wavelength bands provided 

by the dichroic prism assembly that would compose the customised HSI snap-

shot multiplexer. The ideal values of the cut-off wavelengths of each prism 

(grey cubes) are reported. The illustration also shows mirrors (in blue) for 

properly directing the various light beams. 
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The ideal process reported in Fig. 4.2 would provide spectral bands almost centred 

around the 8 wavelengths reported by Arifler et al [194], with spectral bandwidth 

varying between 5 and 10 nm. Further refinement in the selection of the 8 optimal 

NIR wavelengths could also be implemented by additional filtering of the resulting 

spectral bands, but this would add more complexity to the optical assembly. More-

over, the addition of visible wavelengths would require specific dichroic prisms just 

for this range of light to be coupled to the NIR prisms. 

Dichroic prisms represent a relatively economical solution for hyperspectral 

multiplexing and spectral separation (ranging in price between £60 and £300), of-

fering high transmission and reflection efficiencies (typically greater than 90%). 

Moreover, differently from simpler dichroic mirrors, the prisms allow equal path-

lengths for all the resulting light beams after splitting. 

In the abovementioned configuration using the custom-made HSI snapshot 

multiplexer, illumination can be simply provided by a compact broadband light 

source, e.g. the Ocean Optics HL-2000-FHSA, which offers high and stable output 

power (up to 20 W of nominal bulb power) at a moderate cost ($1,680) [231]. 

Higher power intensity could also be achieved using a supercontinuum laser but at 

a considerably higher expense (as it would be discussed in Sec. 4.2.2). Regarding 

image detection and recording, this tailored HSI design necessitates of large-format 

cameras having wide detection areas and high numbers of pixels. The larger is the 

detector sensor, the highest is the achievable spatial resolution for a fixed number 

of spectral bands. sCMOS cameras can provide this type of large imaging format, 

offering at the same time very fast frame rates that can greatly enhance temporal 

resolution of the system (as already described in Sec. 2.5.2). Imaging components 

for bespoke HSI will be further discussed in Sec. 4.3. 

The bespoke snapshot solution discussed here presents also particular limita-

tions and its actual technical realisation may differ significantly from the ideal case 

discussed previously. The foremost issue related to the optical assembly regards the 

limited availability of dichroic prisms in the NIR range, particularly having the spe-

cific cut-off wavelengths required to obtain the ideal spectral separation depicted in 

Fig. 4.2. Customised dichroic prism with the required specifications could be ob-

tained but this would increase their overall cost considerably. In addition, the prism 
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assembly that constitutes the core of the bespoke HSI multiplexer will also require 

further optical devices for proper focusing of the projected spectral images on the 

detector focal plane. Accurate planning of the optical distances and positioning of 

all the elements is strictly necessary, as any misalignment or miscalculation could 

drastically decrease the overall image quality and spectral accuracy. 

Furthermore, another important constraint to the use of this customised snap-

shot design for monitoring the haemodynamic and metabolic states of the exposed 

cortex is connected to the spatial resolution that can be achieved. High spatial res-

olution of the hyperspectral images is required in order to properly localise the brain 

tissue metabolic changes in oxCCO and differentiate them from those of vascular 

haemoglobin. However, spatial resolution of the custom-made HSI multiplexer dis-

cussed above is technically limited by the detector area of the camera to be used 

and by the number of selected wavelength bands (at least 8). For typical image for-

mats of high-resolution sCMOS cameras (between 4 and 5.5 megapixel), a single 

multiplexed spectral image would have a size ranging from about 700x700 to 

850x850 pixels. This spatial resolution may still not be enough for the specific re-

quirements dictated by the brain monitoring application. Larger formats may be 

available for particular CCD cameras, but at higher costs and with drawbacks re-

lated to other detector characteristics (e.g. low frame rate and dynamic range). 

Using the full detector area provided by the imaging camera would then be the 

ideal solution and this can be achieved only by focusing on different hyperspectral 

acquisition modes, rather than snapshot multiplexing, at the reasonable cost of sac-

rificing imaging speed. These alternatives are analysed in the next sections concern-

ing custom-made spectral scanning HSI solutions and relative opto-electronics. 

 

4.2 Bespoke spectral-scanning HSI solutions 

Custom-made spectral scanning solutions can be implemented and developed for 

HSI monitoring of the haemodynamic and metabolic states of the exposed cerebral 

cortex by providing sequential illumination of the target at the desired wavelength 

bands, with the great benefit of enhancing image quality by using the full detector 

area of high-resolution cameras. However, sufficiently fast spectral illumination 
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and image acquisition rates need to be achieved (based on the minimum hypercube 

rate stated in Tab. 4.1), in order to avoid the occurrence of motion artefacts from 

the living tissue and for providing enough temporal resolution to capture the dy-

namic changes in the haemodynamic and metabolic responses. This requirement 

can be fulfilled with relatively simple and compact bespoke hyperspectral solutions, 

due to the fact that only a relatively small number of wavelengths have to be ac-

quired for the particular application targeted in this thesis work.  

In this section, three different setups for spectral scanning hyperspectral illumi-

nation are reviewed and investigated, including: (1) spectral scanning using multi-

wavelength LEDs, (2) spectral scanning using fast tunable filters and broadband 

illumination, and (3) spectral scanning using a monochromator based on a rotating 

Pellin-Broca prism. Sec. 4.3 will investigate imaging components and solutions that 

can be coupled to each of these spectral-scanning solutions. 

 

4.2.1 Spectral scanning using multi-wavelength LEDs 

The first custom-made solution, that is here proposed for in vivo HSI of the haemo-

dynamic and metabolic states of the exposed cortex via fast spectral scanning mode, 

involves the use of multiple LED sources with narrow-bandwidth emissions and 

centred around optimal spectral bands, including the 8 NIR wavelengths estimated 

by Arifler et al [194] (more LED units could then be added to implement also visi-

ble wavelengths). The multiple LEDs can all be bundled in a single optic fibre out-

put directed at illuminating the targeted exposed cortex and then switched sequen-

tially (using an external controller) in fast pulses for rapid acquisition of the desired 

spectral images. This can be achieved by synchronising the multi-LED source with 

a fast-rate imaging camera. An example of the abovementioned setup implementing 

multi-wavelength LED illumination for HSI is depicted in Fig. 4.3.  

Single LED sources in the visible and NIR range can manufactured with narrow 

bandwidths (5-30 nm) at very small cost, standing at about £1-10 per chip or epoxy 

bulb [232]. A wide range of emission wavelengths can also be selected, typically 

with sampling of 5-10 nm. This permits to choose the desired LED emission spectra 

matching the 8 optimal NIR wavelengths for CCO monitoring, plus additional de-

sired visible wavelengths. In addition, further refining of the spectral resolution is
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Figure 4.3: Diagram of a customised hyperspectral setup employing multiple-wavelength 

LEDs (in orange) for fast sequential illumination and acquisition of spectral 

images of the target. Illumination is controlled and synchronised with the fast 

frame acquisition of the imaging camera (in blue). The example is for 8 spectral 

bands, but can be extended to more by simply adding LEDs. 

 

possible by simply filtering every single emitted light from each LED with band-

pass filters having small FWHM (5-10 nm) and excellent transmission properties 

(usually more than 90-95%). The extra cost from the filters is also generally limited, 

ranging from £30 to £100 (per filter), according to the spectral resolution and ma-

terial of the filter. A drawback of this filtering approach is represented by the po-

tential loss in output power of the filtered LED light when the central wavelength 

of the filter and the central emission wavelength of the LED source do not match. 

Nonetheless, conventional LEDs emit between around 1 mW and 10 mW [232], 

thus even after filtering the intensity of the illumination should theoretically be 

enough to achieve high SNR for HSI of the exposed cerebral cortex.  

The major advantage of the multi-LEDs setup is the reduced cost and complex-

ity in the instrumentation (compared for example to the next reviewed custom-made 

HSI solutions in the following sections). Moreover, LEDs can be easily substituted 

and replaced in case of failure. Regarding acquisition speed and wavelength tuning 

rate, automatic control and pulsed triggering of the LED sources can be imple-

mented at velocities in the order of µs. This is due to the very rapid rising and decay 
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times of the light emitted by the LEDs. Anyway, the major factor in establishing 

the rate at which the multiple LEDs can be sequentially pulsed and switched is 

eventually connected to the pulse rate of the multi-channel controller to be coupled 

with the diodes. 12- or even 16-channels universal controllers are available on the 

market at moderate cost (£1,100-1,400), being able to provide switching speeds 

lower than 100 µs [233]. Nevertheless, the use of fixed LEDs at different wave-

lengths does not offer the same versatility and flexibility of a broadband source (e.g. 

a supercontinuum laser or a white light lamp) coupled with a filtering assembly, 

which ideally allows the selection of any arbitrary number of spectral bands. Fur-

thermore, LEDs do not produce an illumination output per spectral band as high as 

the one produced by other light sources (primarily lasers). Finally, it is important to 

remark that assembling and electronically connecting all the selected LED sources 

is a more demanding and time-consuming approach than using an off-the-shelf light 

source. Similarly, the latter type of solution is more compact and ready to use than 

the multi-LEDs setup. 

Concerning compactness, a possible alternative to multiple single LEDs is the 

use of multi-wavelength LED source boxes, i.e. customisable assembly incorporat-

ing different fibre-coupled LEDs to be controlled as a single unit [234], [235]. Two 

commercial examples of these type of LED-based devices are shown in Fig. 4.4.   

Figure 4.4: (Left) Various multi-wavelength LED modules, produced and marketed by 

Prizmatix Ltd. [235], offering 2, 3, 5, 8 and 10 possible combinations of col-

limated, high intensity LED sources. (Right) 4-channel and 8-channel high-

power multi-LED sources, produced and marketed by Mightex Systems [234]. 

 

The multi-wavelength LED modules offer various channels combinations (usually 

up to 10-11 LEDs) and the desired wavelengths can be selected to be incorporated 
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in the box. Compared to single LEDs, they also achieve much higher power outputs, 

typically between 60 and 300 mW per emission wavelength. Furthermore, their 

price (£4,000-5,000) is comparable to the total cost derived from buying individual 

collimated LEDs, with the advantage of having a complete and off-the-shelf system. 

However, there are two major drawbacks regarding such technology, compared to 

individual LEDs: (1) selection of the desired wavelengths is limited to those avail-

able from the manufacturer, and (2) spectral resolution of the LED emission spectra 

is generally lower than single LEDs, standing at about 30-50 nm (FWHM). 

A possible low-cost solution to the abovementioned issues regarding the multi-

LED boxes is represented by filtering the emitted light of each single LED source, 

as to obtain emission spectra that are as close as possible to the desired wavelengths. 

Furthermore, the use of narrow bandpass filters, having small FWHM around 5-10 

nm (as mentioned previously) would also increase spectral resolution of the source. 

Such implementation would also have a moderate cost, since each filter has a price 

ranging from £30 to £100 (as already discussed). After filtering, the emitted light 

of each LED channel can be merged together using an optic fibre bundle, as to 

provide a single output for illumination of the exposed cortex. As stated previously, 

the filtering process could decrease the output intensity of the LEDs, particularly if 

the central wavelength of the filter does not match the central emission wavelength 

of the source. However, all the considered multi-LED modules provide enough 

power to compensate for this effect. 

 

4.2.2 Spectral scanning with fast tunable filters 

The second proposed customised HSI setup for fast spectral scanning is centred on 

the utilisation of tunable filters coupled with broadband illumination. Tunable fil-

ters are compact opto-electronic devices capable of switching their light transmis-

sion between different selectable bandwidths. This allows great flexibility and ver-

satility in the selection of the desired wavelengths for illumination and imaging, 

compared to the previous bespoke solution, thus enabling to virtually add any de-

sired spectral band (in either the visible or NIR range) to the 8 NIR ones required 

for accurate metabolic monitoring of oxCCO. However, for the specific application 

of this thesis, the tunable filtering must be at a required spectral-switching rate to 
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achieve high temporal resolution in the spectral scanning process. This is necessary 

in order to synchronise the tunable filters with high-frame rate detectors and thus 

achieving rapid sequential illumination for spectral image acquisition of the target.  

Typically, AOTFs and LCTFs (mentioned in Sec. 2.5.2) are the two most used 

filtering devices to couple with any broadband source for fast wavelength tuning at 

high spectral resolution (1 to 20 nm in FWHM) and sampling (down to 0.5-1 nm). 

For switching between wavelength bands close to each other less than 30 nm, their 

filtering speed can vary from few ms (for LCTFs) down to tens of µs (for AOTFs). 

High power transmission (more than 85%) can be easily achieved by AOTFs, 

whereas LCTF have poorer power transmission (below 50%, depending also on 

polarisation) but can have larger aperture sizes and acceptance angles, thus poten-

tially providing greater étendue (which quantifies the throughput capability of an 

optical device) than AOTFs [236]–[239]. 

 The combination of rapid tunable filtering, provided by either AOTFs or 

LCTFs, with high-power broadband illumination and a fast imaging camera could 

effectively allow HSI with small exposure times (less than 200 ms), thus achieving 

hyperspectral rates that can meet or even surpass the temporal resolution criterium 

in Table 4.1. A diagram of a bespoke HSI setup implementing the spectral scanning 

solution with tunable filters described in this section is reported in Fig. 4.5.  

Broadband illumination for this type of customised HSI solution can be pro-

vided by either conventional, non-coherent white light sources or by supercontin-

uum lasers, which are often the preferential choice to be coupled with either LCTFs 

or AOTFs. As described in Sec. 2.5.2, supercontinuum lasers offer very wide illu-

mination in the visible, NIR and infrared range (typically between 400 and 2000 

nm) with high power outputs (from few mW to several W) and exceptionally fast 

repetition rates (up to even hundreds of MHz) [240]–[242]. Nonetheless, they are 

among the most expensive light sources available on market. The cost of these laser 

sources is typically proportional to the output intensity that they can provide, rang-

ing from about £7,000 for the lowest output power lasers (50-100 mW) up to 

£100,000 for the most powerful ones (up to 10-20 W). Conversely, conventional 

broadband sources, such as white light lamps, have lower cost but generally cannot 

provide the same amount of output power of supercontinuum laser over small and 
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Figure 4.5: Diagram of a customised hyperspectral setup employing a broadband light 

source (in green) coupled with tunable filters (in grey) for fast sequential ac-

quisition of spectral images of the target. Illumination is controlled and syn-

chronised with the fast frame acquisition of the imaging camera (in blue). 

 

collimated illumination areas. Alternatively, it is also worth mentioning a recently 

marketed supercontinuum laser source from PicoQuant GmbH, named Solea [243], 

which offers built-in tunable bandpass filters that can be controlled for fine and 

rapid selection of spectral illumination bands over a range between 500-900 nm and 

variable spectral resolution of 3 to 25 nm (FWHM).  

The main drawback concerning this custom-made HSI solution based on spec-

tral scanning is represented by its total cost, in particular of the tunable filters. Both 

LCTFs and AOTFs are generally very expensive filtering devices, costing between 

£15,000-18,000 according to their specific characteristics. Using a supercontinuum 

laser for illumination adds another large expense to the overall cost of this type of 

setup, as described earlier. Even a compact solution as the previously mentioned 

Solea laser, integrating the supercontinuum source and the tunable filters in a single 

instrument, has a considerable cost of about €60,000. Conventional broadband 

sources or even economic supercontinuum lasers (having total output power up to 

100 mW) typically provide less than 100 μW of power per spectral band after fil-

tering (as tested in Sec. 4.5), thus establishing a potential trade-off between cost and 

output power for this specific solution. Thus, expensiveness is the major limitation 

to the development of the bespoke HSI solution proposed in this section.   
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4.2.3 Spectral scanning using a rotating Pellin-Broca prism 

The third and final bespoke HSI solution for spectral scanning reviewed in this the-

sis is based on coupling a broadband source (either a laser or a conventional source) 

with a custom-made monochromator using a rotating Pellin-Broca.  

A Pellin-Broca prism is a dispersive optical device of constant deviation [244], 

[245] that can separate an incident broadband beam of light into its constituent 

wavelength components. The incident beam typically enters the prism with an angle 

θb, known as Brewster’s angle (which minimises intensity losses due to reflection), 

undergoes total internal reflection within the prism and exits it in a way such as one 

particular wavelength is deviated by 90°, with respect to θb. The other wavelengths 

are dispersed at greater dispersion angles. The peculiarity of the Pellin-Broca prism 

lies on the fact that by rotating the optical device around its centre, a different wave-

length component of the incident broadband beam is deviated at 90°, even though 

the relative positions of the input and output beams remains the same. The basic 

functioning of a Pellin-Broca prism is illustrated in Fig. 4.6. 

Figure 4.6: Diagram of the mechanism by which a Pellin-Broca separates an incoming 

broadband beam of light, entering the device at Brewster’s angle θb, into its 

constituent wavelength components. After undergoing total internal reflec-

tion, the beam gets dispersed as it exits the prism, with one specific wave-

length being deviated at 90°. Rotating the prism around its centre O at different 

rotating angles will change the wavelength component deviated at 90°.
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Spectral separation and sequential selection of desired wavelength bands from 

a broadband source can be achieved by coupling a Pellin-Broca prism with a preci-

sion rotating motor, thus creating a monochromator. A similar concept has been 

applied in TD-NIRS for flexible selection of NIR wavelengths for tissue illumina-

tion [246]. The monochromator composed of the prism and the rotating motor can 

produce sequential spectral illumination of a target and thus allow spectral-scanning 

HSI, as depicted in Fig. 4.7.  

Figure 4.7: Diagram of a customised hyperspectral setup employing a broadband source 

(in green) coupled with a rotating Pellin-Broca prism for fast selection of spec-

tral bands for illumination of the target. Illumination is controlled and syn-

chronised with the fast frame acquisition of the imaging camera (in blue). 

 

In order to achieve this with high spectral and temporal performances required for 

the application and objectives of this thesis, the speed and angular accuracy of the 

rotating motor need to be high enough to switch between the desired spectral bands 

in the order of ms and with less than 1-2 nm error: commercial precision rotating 

motors typically can be operated with angular steps as small as 0.01 mdeg with high 

accuracy and repeatability, as well as running at rotational speeds up to 1000 deg/s 

[247], [248]. Furthermore, spectral resolution of the selected wavelength bands 

from the monochromator depends on additional optics (lenses and optic fibres) re-

quired to isolate the desired portion of the dispersed beam at 90° from the prism. 
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One method to achieve high spectral resolution with the monochromator setup in-

volves the collimation of the incident broadband light into a small spot size before 

it enters the prism, as to maintain the required illumination power. The dispersed 

output light exiting the prism is then focused towards a mechanically collimating 

device, such as a slit or a pinhole, as to extract only a portion of the dispersed spec-

trum. One drawback of this approach lies on the difficulty in coupling the slit or 

pinhole with a receiving optic fibre. This can be overcome by removing the colli-

mator and using a small-core fibre (with diameter less than 50 μm) that can provide 

the collimation itself. 

Any broadband source can be ideally used with the abovementioned setup, ei-

ther a white light lamp or a supercontinuum laser. However, the collimation process 

at the output of the prism has the disadvantage to make only a small portion of the 

source power available for illumination (whose magnitude depends on the size of 

the receiving optic fibre). Thus, a supercontinuum laser is the most suitable choice, 

thanks to its high spectral radiance. Furthermore, using a supercontinuum laser has 

the additional advantage of eliminating the need to collimate the input light to the 

prism, as lasers already generate highly collimated beams with small spot sizes, 

thus providing high irradiance to the receiving optic fibre. To achieve the same level 

of irradiance with a conventional white lamp having lower spectral radiance would 

require considerable and accurate collimation of the illuminating light to maintain 

high throughput. Nonetheless, expensiveness of supercontinuum sources would 

again be a limitation (as in Sec. 4.2.2). 

In terms of cost of the spectral-scanning HSI solution using the dispersive mon-

ochromator, the Pellin-Broca prism is a relatively inexpensive component, pricing 

between £50 and £200 [249], and it can cover a wide range of visible and NIR 

wavelengths (typically from 200 nm to more than 2000 nm). Precision rotating mo-

tors able to achieve the required temporal and accuracy performances typically cost 

between £4,000 to £10,000, including the controller unit. The cost of the additional 

optics for the monochromator (lenses and optic fibres) can vary, but typically such 

components are economical and the overall cost can be lower than £500-1,000. This 

makes the bespoke spectral scanning solution for HSI reported in this section less 

expensive than using broadband illumination with tunable filters, and comparable 
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to the multi-wavelength LEDs setup (if a non-coherent light source is employed). 

Compared to the LED-based solution in Sec. 4.2.1, the solution with a rotating Pel-

lin-Broca prism allows flexible selection of any arbitrary number of spectral bands 

over a wide portion of the light spectrum. 

 

4.3 Imaging devices for customised HSI setups 

All the customised hyperspectral setups evaluated so far (based either on snapshot 

or spectral scanning acquisition mode), aimed at targeting and mapping metabolic 

and haemodynamic changes in the exposed cerebral cortex, require the implemen-

tation of an imaging detector with specific characteristics. In particular, it emerged 

from Tab. 4.1 that the most important features in an imaging camera to be used with 

any of the four proposed HSI solutions are: (1) spatial resolution and detector area, 

(2) frame rate; (3) dynamic range; and (4) SNR and QE in the visible and NIR range 

(specifically between 600 and 900 nm). 

In the case of the bespoke snapshot HSI configuration, described in Sec. 4.1, 

this particular solution would also require large format for the detection area of the 

camera. Nonetheless, detector area and spatial resolution are strictly connected, thus 

a wide camera format is desirable in all the customised setups. As mentioned before, 

a spatial resolution of less than 10 μm is essential for differentiating between cere-

bral vasculature (the major site of the haemodynamic response) and surrounding 

brain tissue (where the metabolic response is localised) during imaging of the ex-

posed cortex of mice at small FOVs (about 1-16 mm2). 

Frame rates of the cameras of at least 10 fps are also necessary for all the HSI 

configurations, primarily the three setups using spectral scanning mode, in order to 

achieve hypercube acquisition and temporal resolution that are high enough for cap-

turing the full dynamics of the haemodynamic and metabolic states of the living 

brain, as stated in the temporal resolution criterium of Tab. 4.1. 

As described in Sec. 2.5.2, the most suitable candidates to achieve the required 

imaging performances for this thesis are: (1) CCD cameras and (2) sCMOS cam-

eras. CCDs have been the ‘gold standard’ in medical and biological imaging since 

their invention, but sCMOS cameras are becoming more and more established in 
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life science, thanks to the progresses in the development of their technology. 

An important factor to take into consideration in the comparison between CCD 

and sCMOS sensors concerns the image acquisition modes of each of these devices. 

CCD cameras typically employ global shutter mode, which involves the acquisition 

of the image in snapshot mode, i.e. the exposure time of each pixels starts and ends 

simultaneously and the signal from each pixel is collected at the same time. This 

mode greatly mitigates motion artefacts but creates limitations on the achievable 

frame rate that add up to the already constrained processing speed of CCD sensors 

due to electronics. On the contrary, sCMOS cameras can either run in global shutter 

mode or in rolling shutter mode. For the latter acquisition mode, a frame is acquired 

by exposing the pixels of the camera line-wise, either vertically or horizontally, and 

then scanning across the whole detector area. This way, the exposure time of each 

row (or column) of the sCMOS sensor is different. Such approach greatly increases 

the processing speed of the signals from the pixels, thus enabling the sCMOS cam-

era to achieve higher frame rates, and also increases sensitivity of the camera, since 

the photodiodes keep collecting light during the overall integration time of the de-

tector. The rolling shutter mode has the disadvantage though of increasing the sus-

ceptibility of the detector to motion artefacts [250].  

sCMOS detectors combine fast frame rates and high dynamic ranges that are 

typically superior to CCD devices. However, CCD cameras normally offer better 

readout noise performances. Nevertheless, the specific HSI application targeted in 

this thesis involves light intensity outputs that are generally compatible with the use 

of sCMOS cameras, thus exploiting the significant benefit of a faster image acqui-

sition speed and higher spatial resolution.  

 

4.4 Optical accessories for bespoke HSI setups 

Besides the opto-electronic components already described in the previous sections 

(including light sources, imaging cameras, filters, prisms and motors), additional 

optical devices are essential to be integrated within the reviewed bespoke HSI so-

lutions. These supplementary optical accessories are: (1) reflective objectives; and 

(2) speckle reducers.
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4.4.1 Reflective objectives 

Imaging the exposed cerebral cortex of small animals, such as mice and rats, re-

quires the magnification of relatively small FOVs (in the order of few mm2) to the 

corresponding detecting area of the employed imaging devices, typically having 

dimensions in the order of cm2. A microscope configuration is thus required to 

achieve the desired magnification and image formation to the camera. This typically 

involves the use of an objective that can be coupled with a relay lens (or a relay lens 

assembly).  

Refractive objectives are sensitive to chromatic aberrations when collecting 

broadband light composed of multiple spectral components over wide ranges. 

Therefore, a different type of objectives based on reflection are needed for HSI. 

These are called reflective objectives and utilise two sets of concentric spherical 

mirrors in order to deviate and bend light without refracting it, thus virtually elimi-

nating any chromatic aberration [251], [252]. The typical design of a reflective ob-

jective based on Schwarzschild configuration is depicted in Fig. 4.8. 

Figure 4.8: Diagram of a Schwarzschild reflective objective that uses two sets of concen-

tric mirrors. The light coming from the target is collected annularly from the 

entrance of the objective to the inner chamber coated with the secondary spher-

ical mirror. This directs the light to the smaller primary mirror, which then 

collimates the light out of the other end of the objective [253]. 

 

The major disadvantage of reflective objectives lies on the fact that the primary 

mirror located at the entrance to the objective introduces a certain degree of obscu- 
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ration that reduces the amount of light collected by the objective, specifically from 

the centre of the object. This degree of obscuration varies between 20% to 30%, 

according to the given objective [252], [253]. 

 

4.4.2 Speckle reducers 

As mentioned in Sec. 2.5.4, coherent light sources, such as supercontinuum lasers, 

can generate speckle patterns when interacting with biological tissue. This can in-

troduce an undesired form of variable noise, known as speckle noise, in the acquired 

spectral images during HSI and thus affect image quality. Although speckle noise 

can be reduced in post-processing using specific filtering technique, such as spa-

tially-adaptive filtering [254], the results can vary in efficacy and it is generally 

more effective to use laser speckle reducers (LSR) to mitigate laser-generated 

speckle noise during illumination and data acquisition. 

LSRs are optical devices that diffuse laser illumination and reduces its coher-

ence, thus minimising the occurrence of speckle patterns. The most common type 

of LSR involves static diffusers that scatter the incident laser light into multiple 

directions. However, such optical elements generally produce large divergence an-

gles of the diffused light, greatly increasing the spot size of the laser beam.  

Dynamic diffusers offer efficient speckle mitigation with small degrees of laser 

beam divergence. One of the most used types of dynamic LSR in HSI and optical 

imaging involving laser illumination is electro-active polymers LSR. They consist 

of a thin, elastic membrane that incorporates a lightweight polymeric diffuser. The 

membrane-encased diffuser is then connected to electrodes that induce circular os-

cillation to it. The incident laser light is then diffused by the vibrating polymer, 

minimising the occurrence of speckle patterns with small divergence angles (less 

than 15°) and high transmission (more than 90%) [255]. The cost of electro-active 

polymers LSRs ranges typically between £500 and £1,000. 

 

4.5 Testing of the HSI solution with filtered laser light 

An example of bespoke HSI solution based on spectral scanning using an AOTF-

filtered supercontinuum laser illumination, described in Sec. 4.2.2, was tested and 
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investigated in vivo on the exposed cerebral cortex of a mouse during hyperoxic 

stimulation. The purpose of the testing of the abovementioned HSI setup is to ex-

plore and characterise the performances of this type of design experimentally, thus 

providing additional information on its strengths and weaknesses beyond just the 

technical specifications illustrated so far, as well as to prove the main hypothesis of 

this thesis. The results of the in vivo testing can help evaluating the suitability of 

the HSI spectral scanning solution for monitoring and quantifying haemodynamics 

and metabolism of the exposed cerebral cortex, as well as facilitating the final de-

cision on the ultimate design for the HSI system to be developed. The selection of 

the tested HSI setup using a filtered supercontinuum laser was motivated specifi-

cally by the availability of a demo of apposite commercial instrumentation, includ-

ing a laser source and AOTF filters. 

 

4.5.1 The NKT photonics demo and setup 

The tested spectral scanning HSI setup was based on a demo package from NKT 

Photonics composed of: (1) a low-power, compact supercontinuum laser (SuperK 

COMPACT [256]) with related optic fibres; (2) a multi-line AOTF device (SuperK 

SELECT [257]) to couple to the laser source for tunable wavelength selection.  

On the source side of the tested HSI setup, the NKT photonics demo (super-

continuum laser and AOTF) provides sequential spectral illumination at up to 8 

wavelengths with average output power of about 60-80 μW per each spectral band. 

An example of the spectral output of various single wavelength bands in the NIR 

range between 780 and 900 nm from the NKT Photonics demo is shown in Fig. 4.9. 

For the in vivo tests, the eight optimal wavelengths from Arifler et al [194] were 

chosen (784, 800, 818, 835, 851, 868, 881 and 894 nm), with the AOTF achieving 

spectral resolution ranging between 2 to 6 nm (FWHM) per spectral band. No 

speckle reducer was added to the NKT Photonics demo as such kind of device was 

not available at the time of the in vivo testing. 

For the imaging side of the tested HSI solution, a large-format (2560x2160 pix-

els), fast-rate (up to 400 fps) sCMOS camera (Andor Zyla 5.5 USB [258]) was cho-

sen to be coupled with the NKT photonics filtered laser demo, based on the ad-

vantages and benefits of this type of detector described in Sec. 4.3. The sCMOS 
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Figure 4.9: Illumination spectra of various NIR wavelength bands between 780 and 900 

nm, at 10-nm sampling, that can be obtained using the NKT Photonics super-

continuum laser and AOTF demo for the in vivo testing. 

 

camera was integrated with an optical assembly composed of: (1) a 15x reflective 

microscope objective (Thorlabs LMM-15X-P01 [253]); and (2) an infinity-cor-

rected achromatic relay lens (Thorlabs TTL200-B [259]). The optical assembly en-

ables optimal focusing and magnification of the target to a FOV of about 1.1x0.9 

mm. The imaging side of the tested bespoke HSI setup corresponds to the one se-

lected as the final choice for the HSI system developed in this thesis work (as mo-

tivated in Sec. 4.6) and thus it will be described with further details, as well as 

properly characterised, in Sec. 5.3 of the next chapter. 

Fig. 4.10 shows both the spectral illumination side and the imaging side of the 

tested HSI design, highlighting all its main components. The broadband light emit-

ted by the supercontinuum laser is sequentially filtered by the AOTF to isolate the 

desired 8 NIR spectral bands and then directed via an optic fibre for illuminating 

the exposed cerebral cortex in spectral scanning mode. The reflected light from the 

brain cortex is then collected by the reflective microscope objective and focused by 

the relay lens to the sCMOS camera, which acquires each spectral frame in rapid 

succession, synchronously with the spectral illumination.  

A LabVIEW [260] graphical user interface (GUI) was developed to run and 
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Figure 4.10: a) Picture of the spectral illumination side of the tested bespoke HSI setup, 

including the supercontinuum laser and AOTFs from the NKT Photonics 

demo, as well as an optic fibre for directing the filtered illuminating light; b) 

Picture of the imaging side of the tested bespoke HSI setup, composed of the 

sCMOS camera and the corresponding optical assembly (reflective micro-

scope objective and relay tube lens). 

 

control the tested HSI setup based on the NKT Photonics demo. No fast-switch 

controller for the AOTFs was provided with the demo, thus it was not possible to 

synchronise the filters with the sCMOS camera. For this reason, the two compo-

nents were run in series, without any triggering mode. Such configuration limited 

the hypercube rate of the tested setup, due to the lack of communication between 

the illumination and the imaging sides.  Moreover, due to the relative low power 

(60-80 μW per spectral band) emitted by the NKT Photonics demo, the integration 

time of the sCMOS camera was set equal to 350 ms, for each spectral band, in order 

to collect enough light for achieving adequate SNR (without compromising tem-

poral resolution, at the same time). Considering the two abovementioned factors, 

the final hypercube rate of the tested HSI setup, for 8 spectral bands, was equal to 

0.167 hypercubes/s (about 1 hypercube every 6 s). 

The technical specifications and characteristics of the tested HSI solution based 

on the NKT Photonics demo for spectral scanning illumination with an AOTF-fil-

tered supercontinuum laser are summarised in Tab. 4.2. 
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Table 4.2: Technical characteristics and specification of the tested HSI solution based on 

the NKT Photonics demo and using the Zyla 5.5 sCMOS camera for imaging. 

Specifications Illumination side 

Illumination mode: Spectral scanning 

Type of source: Supercontinuum laser 

Type of filter: AOTF 

Spectral range: 780-900 nm 

Number of spectral bands: 8 

Spectral band sampling: ~13-17 nm 

Spectral resolution (FWHM): 2-6 nm 

Average power per spectral band: ~60-80 μW 

Specifications Imaging side 

Type of detector: sCMOS 

Spatial resolution: 2560x2160 pixels 

Pixel size: 6.5 μm 

FOV: 0.9x1.1 mm 

Shutter mode: Global 

Integration time: 350 ms  

Hypercube rate: ~0.167 hypercubes/s 

Note: AOTF, acousto-optic tunable filter; FWHM, full-width half maximum; sCMOS: scientific 

complementary metal oxide semiconductor; FOV, field of view. 

 

4.5.2 In vivo experiments and HSI data acquisition 

In vivo testing and investigation of the bespoke HSI setup based on spectral scan-

ning using the NKT Photonics demo were conducted by targeting the exposed cer-

ebral cortex of a mouse during induced hyperoxia. The imaged mouse (inbred strain 

C57bl/6 of weight of about 21.6 g) was anesthetised via 1.5-2 % isoflurane in room 

air and then place on homoeothermic electric heating mat for maintaining it at con-

stant temperature (37 °C). The scalp of the mouse was then surgically removed and 

partial craniotomy was performed over the right hemisphere of the skull, creating 

an exposed cortex window of about 5 mm. The dura was moistened and cleaned 

with saline solution, before applying a circular glass coverslip over a ring of Vase-

line, as to prevent evaporation during imaging and contamination of the exposed 
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cortex from ambient air. Finally, the head of the mouse was affixed to a titanium 

bar using dental cement in order to immobilise it and to prevent movement artefacts 

in the images.  

Hyperoxic stimulation of the exposed cortex was obtained by manipulating the 

FiO2 of the mouse. The experimental imaging protocol performed for the in vivo 

testing involved only two consecutive oxygen-dependent phases: (1) normoxic 

baseline (FiO2 = 21%); and (2) hyperoxia (FiO2 = 85%). During the normoxic base-

line, 20 hypercubes were acquired over a period of about 2 min, while during hy-

peroxia 50 hypercubes were collected for approximately 5 min from the inception 

of the hyperoxic stimulation. A dark reference hypercube was also acquired by run-

ning the sCMOS camera with its sensor covered, at the same exposure time. 

 

4.5.3 Processing and analysis of the hyperspectral data 

Firstly, correction of the raw hyperspectral cubes was performed by subtracting the 

dark reference hypercube from the raw hypercubes of both conditions, to obtain the 

corrected intensity values 𝐼𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒(𝜆) and 𝐼ℎ𝑦𝑝𝑒𝑟𝑜𝑥𝑖𝑎(𝜆)at each wavelength band λ, 

for baseline and hyperoxia, respectively. 

Afterwards, integration over time of the corrected hypercubes of the intensities 

was applied to enhance image SNR. The 20 hypercubes of the normoxic baseline 

were time-averaged over their whole 2-minutes acquisition time, producing a single 

averaged baseline hypercube out of them. For the 50 hypercubes of the hyperoxic 

condition, time-averaging was performed for every 10 hypercubes in the 5-minute 

acquisition interval, producing 5 averaged hypercubes, each corresponding to the 

averaged intensity maps (for every wavelength) in 5 consecutive time windows of 

1 minute each. The choice of the number of time-average windows was dictated by 

the necessity to balance between improving SNR and simultaneously maintaining 

the capability to monitor the dynamic changes in brain physiology during the hy-

peroxic simulation. This was influenced by the low hypercube rate of the setup, 

compared to the time resolution of the haemodynamic and metabolic responses. 

2D maps of the relative changes Δ[HbO2], Δ[HHb] and Δ[oxCCO] in the con-

centrations of HbO2, HHb and oxCCO in the imaged cerebral cortex, between the 

baseline and the hyperoxic condition, were reconstructed from the time-averaged 
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hypercubes via the same MBLL approach already used in Sec. 3.1.3. First, the at-

tenuation values ΔA(λ)k,l between baseline and hyperoxia were calculated from the 

values of the time-averaged intensities 𝐼𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒(𝜆)𝑘,𝑙 and 𝐼ℎ𝑦𝑝𝑒𝑟𝑜𝑥𝑖𝑎(𝜆)𝑘,𝑙, for each 

pixel k, l and every NIR wavelength λ:  

∆𝐴(𝜆)𝑘,𝑙 = − log10 (
𝐼ℎ𝑦𝑝𝑒𝑟𝑜𝑥𝑖𝑎(𝜆)𝑘,𝑙

𝐼𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒(𝜆)𝑘,𝑙
) . 

From the attenuation values in (4.1), a pixel-wise application of MBLL was per-

formed in order to obtain the haemodynamic and metabolic maps of Δ[HbO2], 

Δ[HHb] and Δ[oxCCO]. A unitary photon pathlength PL (λ) was considered, thus 

the resulting changes in concentrations were all obtained per unit pathlength 

(μM·cm). No estimation of PL (λ) using the MC framework was performed due to 

the lack of a high-contrast in vivo image of the exposed cerebral cortex necessary 

to create the meshed domain (as described in Sec. 3.1.2). Thus, from MBLL: 

[

∆𝐴(∆𝑡, 𝜆1)

∆𝐴(∆𝑡, 𝜆2)
⋮

∆𝐴(∆𝑡, 𝜆8)

] =

[
 
 
 
 
𝜀HbO2

(𝜆1) εHHb(𝜆1)

𝜀HbO2
(𝜆2) εHHb(𝜆2)

⋮ ⋮
𝜀HbO2

(𝜆8) εHHb(𝜆8)

εdiffCCO(𝜆1)

εdiffCCO(𝜆2)
⋮

εdiffCCO(𝜆8)]
 
 
 
 

× [

∆[HbO2]𝑘,𝑙

∆[HHb]𝑘,𝑙

∆[oxCCO]𝑘,𝑙

] . 

As for the computational studies in Chapter 3, reference spectra for the molar ex-

tinction coefficients εHbO2
 and εHHb of haemoglobin were obtained from Matcher et 

al [261], while the oxidised-reduced molar extinction coefficients εdiffCCO for CCO 

were measured in vivo at UCL [6]. Both sets of molar extinction coefficients are 

reported in Tab. B.1 of Appendix B. 

Finally, the haemodynamic and metabolic maps are obtained by solving the 

corresponding systems of algebraic equations in equation (4.2) in all the pixels k, l 

and for the three unknowns Δ[HbO2]k,l, Δ[HHb]k,l and Δ[oxCCO]k,l, using the 

Moore-Penrose pseudo-inverses of the matrices of the molar extinction coefficients 

[211], [212], [262], in the same way as in (3.8) and (3.9) in Sec. 3.1.3. 

  

(4.2) 

(4.1) 
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4.5.4 Results of the in vivo testing of the bespoke HSI setup 

Greyscale narrow-band images of the exposed cerebral cortex of the mouse at 784 

nm and 835 nm, obtained with the bespoke HSI system using an AOTF-filtered 

supercontinuum laser and sCMOS camera, are shown in Fig. 4.11.  

Figure 4.11: (Left) Narrow-band image of the exposed cortex at 784 nm, obtained using 

the tested HSI system based on filtered supercontinuum laser illumination. 

(Right) Narrow-band image of the exposed cortex at 835 nm, obtained using 

the tested HSI system based on filtered supercontinuum laser illumination. 

 

Both images show low contrast due to high light diffusion and scattering in the NIR 

range, with only the major vasculature (about 100 μm in diameter) being visible. 

Moreover, the influence of speckle noise is evident, in particular in the regions with 

higher intensity of illumination, as the system does not implement an LSR. 

The reconstructed haemodynamic and metabolic maps for the last of the five 

time windows are reported in Fig. 4.12, corresponding to the data recording interval 

between 4 and 5 min after the onset of hyperoxia. In particular, the two maps of 

Δ[HbO2] and Δ[HHb] successfully image and localise the haemodynamic response 

to the hyperoxic stimulation, with a rise in the concentration of HbO2 and a decrease 

in the concentration of HHb, compared to the baseline condition. Nonetheless, the 

hypercube rate of the setup is not high enough to capture the time dynamics of such 

responses: all the haemodynamic maps in the 5 time windows appears similar to the 

ones in Fig. 4.12 and only depict the maximum changes Δ[HbO2] and Δ[HHb], 

corresponding to when brain oxygenation and perfusion have stabilised following 

the enhanced supply of oxygen to the cerebral cortex.  

100 μm 100 μm 
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 Figure 4.12: Maps of the relative changes in concentration (per unit pathlength) of HbO2 

(a), HHb (b) and oxCCO (c) in the exposed cerebral cortex of a mouse during 

hyperoxia. Each map corresponds to a time window between 4 and 5 min 

after the onset of the hyperoxic stimulation. Hyperspectral data are acquired 

and reconstructed for 8 NIR wavelengths between 780 and 900 nm.  

 

Furthermore, image quality of all the three maps is significantly affected by a 

substantial amount of speckle noise, which deteriorates image contrast and spatial 

resolution. Nonetheless, major vasculature (about 100 μm in diameter) and some of 

the minor vessels (approximately 30-50 μm in diameter) are spatially resolved in 

the two haemodynamic maps, especially for the map of Δ[HbO2].  

The magnitude of the speckle noise critically compromises image quality of the 

metabolic map, to the point that it is impossible to distinguish between vasculature 

and surrounding tissue.  

The results of the in vivo testing of the HSI setup using an AOTF-filtered su-

percontinuum laser highlight the importance of achieving high spatial resolution 

and SNR in the hyperspectral images, as well as the necessity to use an LSR to 

mitigate the strong influence of speckle noise when using a laser source
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4.5.5 Critique of the methods  

The limited time for which the NKT Photonics demo was available for testing (one 

week) and the lack of some specific equipment (e.g. calibration tests) during the 

leasing period of the instrumentation did not make possible to perform a rigorous 

technical characterisation of the tested setup (as the one that will be described in 

Chapter 5). A quantitative image and spectral characterisation would have been 

preferred for an optimal assessment of the HSI solution. 

Furthermore, a more accurate evaluation of the performances of the NKT Pho-

tonics demo for mapping and monitoring the haemodynamic and metabolic states 

of the exposed cortex via targeting of changes in HbO2, HHb and oxCCO could 

have included also testing and validation of the HSI setup on liquid optical phan-

toms. However, again due to the limited time with the demo, it was preferred to 

apply the HSI solution directly in vivo on the exposed cortex of mice.  

 

4.6 Final decision on the customised HSI design 

Four customised solutions for hyperspectral monitoring and imaging of the haemo-

dynamic and metabolic states of the exposed cerebral cortex have been proposed 

and described in the core part of this chapter. These can be summarised as follow-

ing: (1) a snapshot HSI setup based on hyperspectral multiplexing using dichroic 

prisms; (2) a spectral scanning HSI configuration that involves the use of multi-

wavelength LED sources; (3) a spectral scanning HSI approach based on broadband 

illumination coupled with fast tunable filters; and (4) a spectral scanning HSI solu-

tion utilising a broadband source coupled with a rotating Pellin-Broca prism. All 

the aforementioned proposals have their own advantages and also drawbacks, 

which have been discussed extensively in the previous sections. In addition, a be-

spoke HSI setup based on one of these solutions, i.e. the third design implementing 

an AOTF-filtered supercontinuum laser, was also tested in vivo on the exposed 

brain cortex of a mouse during hyperoxia. The results of the in vivo testing further 

highlighted strengths and weakness of this specific setup, thus providing more ex-

haustive information for evaluating the suitability of such HSI design.  

An overall comparison between each of the analysed hyperspectral solution is 
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performed in this section, in order to establish which bespoke HSI approach is the 

most suitable and convenient to be converted in a physical experimental system, 

which aims at meeting the criteria in Tab. 4.1 and fulfilling the objectives of this 

thesis. Tab. 4.3 shows the major characteristics of each of the four customised HSI 

solutions, their major strengths and weaknesses, and their estimated cost. 

For all the four customised hyperspectral setups summarised in Tab. 4.3 the 

same type of camera is considered, as each of them presents similar requirements 

for the imaging side of the setup. In particular, a sCMOS camera (the Andor Zyla 

5.5 USB used in the in vivo investigations in Sec. 4.5) has been ultimately selected 

as the most suitable and optimal imaging solution for the final HSI design. As de-

scribed in Sec. 4.3, sCMOS sensors were deemed superior in terms of performances 

to CCD cameras. Additional optical components on the imaging side selected for 

the final HSI design, common to all the reviewed HSI solution (as reported in Tab. 

4.3), include: (1) a reflective objective; and (2) a relay lens tube. 

 The custom-made snapshot solution has the significant benefit of real-time ac-

quisition of every hypercube in a single frame capture of the camera. This allows 

one to synchronise perfectly the hypercube speed of the HSI setup with the frame 

rate of the camera, differently from the other three bespoke approaches based on 

spectral scanning, where an individual frame has to be acquired for every spectral 

image. However, snapshot multiplexing is achieved at the cost of spatial resolution 

of the images, since only a portion of the detector area is allocated for each spectral 

image. Such compromise affecting spatial resolution is particularly crucial for the 

potential selection of the snapshot solution as the definitive one, since the results of 

the experiments discussed in Sec. 4.5 highlighted the necessity to maximise image 

quality in order to successfully differentiate between the haemodynamic and the 

metabolic responses. Therefore, even with the use of a large-format sCMOS cam-

era, the snapshot multiplexing approach is risky as it may generate hyperspectral 

images with spatial resolution that is not high enough for proper localisation of the 

changes in oxCCO within the extravascular brain tissue. Furthermore, adding more 

spectral bands (such as visible wavelengths) increases the complexity of the setup 

(more dichroic prisms are required) and further decreases spatial resolution. 

All the three proposed custom-made HSI approaches relying on spectral scan- 
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 Table 4.3: Comparison between all the four proposed bespoke HSI solutions, highlighting their advantages and disadvantages, as well as reporting the 

prices of their individual components and the total cost of the setups (considering for all the selection of 8 optimal NIR spectral bands, as 

well as including the possibility to add visible wavelengths, as a common requirement based on Tab. 4.1). 

Bespoke HSI  

solutions: 
Major strengths: Major weaknesses: 

Estimated cost of  

individual components: 

Estimated 

total cost: 

Snapshot HSI 

multiplexer 

(1) Fast, real-time acquisition; 

(2) Maximise light output utilisation; 

(3) Low cost; 

(1) Limited spatial resolution depending on large-for-

mat camera and number of selected spectral bands; 

(2) Limited availability of dichroic prisms in NIR 

range for wavelength selection; 

(3) Complexity in assembling the multiplexer; 

Light source: £1,500; 

Dichroic prisms: £400-2,100; 

Filters: £250-800; 

sCMOS camera: £7,500; 

Additional optics: £5,000; 

£15,000-

18,000 

Spectral scan-

ning HSI with 

multi-wave-

length LEDs 

(1) High spatial resolution; 

(2) Relatively simple solution; 

(3) Low cost; 

(4) Single LEDs easily replaceable; 

(1) Lower hypercube speed due to spectral scanning; 

(2) Necessity to filter the LED emissions to obtain the 

required narrow spectral bands; 

(3) Limited flexibility for adding more spectral bands; 

 

LED source: £4,000-5,000; 

Control driver: £1,000-2,000; 

Filters: £250-800; 

sCMOS camera: £7,500; 

Additional optics: £5,000; 

£18,000-

20,000 

Spectral scan-

ning HSI with 

fast tunable 

filters 

(1) High spatial resolution; 

(2) High illumination power; 

(3) Flexibility in the selection of the 

spectral bands; 

(4) Tunable spectra range and sampling; 

(5) High spectral resolution and  

sampling; 

(1) Lower hypercube speed due to spectral scanning; 

(2) High cost of tunable filters; 

(3) Higher power output comes with higher cost; 

Conventional source: £1,500; 

or Laser: £7,000-50,000; 

Tunable filters: £15,000-

18,000; 

Fast-switch: £5,000-10,000; 

sCMOS camera: £7,500; 

Additional optics: £5,000; 

£34,000-

£42,000 (w/ 

conventional 

source) 
 

£40,000-

90,000 

(w/laser) 

Spectral scan-

ning HSI with 

rotating Pellin-

Broca prism 

(1) High spatial resolution; 

(2) Flexibility in the selection of the 

spectral bands; 

(3) Tunable spectra range and sampling; 

(4) Low to moderate cost (depending on 

the type of source); 

(1) Lowest hypercube speed due to spectral scanning 

and angular speed of rotating motor; 

(2) Require collimating the source to achieve suffi-

cient power output; 

(3) Higher power output comes with higher cost; 

Conventional source: £1,500; 

or Laser: £7,000-50,000; 

Rotating motor  

+ controller: £5,000; 

sCMOS camera: £7,500; 

Additional optics: £5,000; 

£19,000 (w/ 

conventional 

source) 
 

£25,000-

65,000 

(w/laser) 

Note: HSI, hyperspectral imaging; NIR, near-infrared; sCMOS, scientific complementary metal-oxide semiconductor; LED, light-emitting diode. 
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ning of the exposed cortex permit to exploit the full detector area of the imaging 

camera, thus greatly enhancing spatial resolution of the hypercubes. Nonetheless, 

image acquisition speed is sacrificed to achieve this purpose, since the target is il-

luminated and then imaged sequentially at each selected spectral band. This can 

indeed increase the risk of occurrence of motion artefacts. Anyway, since only a 

limited number of optimal wavelength bands (at least 8) needs to be acquired for 

monitoring in vivo changes in oxCCO, by using fast spectral band selection and 

illumination, as well as a fast-frame camera, sufficient image acquisition time and 

temporal resolution can be accomplished for capturing the dynamics of the haemo-

dynamic and metabolic responses. Thus, this compromise greatly favours spatial 

resolution and image quality of the final hypercubes. Therefore, the spectral scan-

ning options have been preferred to the customised snapshot solution. 

Both the approach using tunable-filtered broadband illumination and the solu-

tion involving multi-wavelength LEDs can provide comparable hypercube acquisi-

tion speed and wavelength switching rate (about few hundreds of μs per spectral 

band). The temporal resolution for these two solutions is generally higher than for 

the HSI design using the rotating Pellin-Broca prism, which is capable of achieving 

a wavelength switching rate of the order of ms per spectral band. However, all the 

three spectral scanning solutions are capable of achieving hypercube rates that meet 

the minimum criteria stated in Tab. 4.1 (0.2-0.25 hypercube/s).  

Both the solutions with tunable filters and with the rotating Pellin-Broca prism 

allow much more flexibility in the selection of the spectral bands, compared to fixed 

LED emissions. This is particularly important as it allows one to perform HSI easily 

also using visible wavelengths (besides the 8 optimal NIR spectral bands), thus the-

oretically enhancing spatial resolution and contrast due to higher light absorption 

in the tissues. The solution with the multi-wavelength LED illumination is limited 

in the selection of any desired wavelength: due to scarce availability of LEDs at 

specific wavelengths, especially in the NIR range, accuracy in the spectral selection 

requires additional complexity in the opto-electronics of the HSI design and in-

creases the cost of such solution. 

Compared to the use of multiple LEDs or of tunable filters, the solution with 

the rotating Pellin-Broca prism provides lower étendue due to the coupling of the 
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dispersed beam with a small-core fibre (for narrow spectral bands selection). 

Finally, both the price of the single components and the total cost of the whole 

design also play a pivotal role. Supercontinuum lasers and tunable filters (either 

AOTF or LCTF) are expensive devices that cost a minimum of several thousands 

of pounds each, thus inflating the overall price of the final assembled setup to more 

than £15,000-20,000 (excluding the camera). Contrarily, the multiple LEDs solu-

tion, either based on single diodes or on multi-channel modules, presents a much 

lower total cost, which could stand around £7,000-10,000, including the control 

driver necessary for triggering the sequential emission and the addition of bandpass 

filters for refinement of the spectral bands. For the solution using the Pellin-Broca 

prism, the cost of the prism and the rotating motor is relatively low and stands at 

around £5,000-6,000, yet the choice of the type of broadband source can affect sig-

nificantly the final price of the whole setup: a conventional white-light source 

would only cost few thousand pounds, compared to one to two orders of magnitude 

more for a supercontinuum laser. However, using a non-collimated source makes 

more difficult to achieve sufficient optical throughput and output power to illumi-

nate the exposed cortex due to the need for fine alignment. 

In the final decision between the three aforementioned bespoke HSI solutions 

based on spectral scanning and illumination, higher priority and importance have 

been given to the following features: (1) flexibility in the selection of the spectral 

bands; (2) compactness and reduced complexity; and (3) cost. Therefore, given all 

the pervious considerations, the spectral scanning solution employing a rotating 

Pellin-Broca prism and a supercontinuum laser has been selected as the ultimate 

optimal design for the development of the HSI system used in this thesis. In con-

clusion, such design meets all the minimum requirements of Tab. 4.1, plus combin-

ing moderate cost and complexity (midway between the very expensive broadband 

illumination with tunable filters and the relatively inexpensive multi-wavelengths 

LEDs) with versatility in the range of selectable spectral bands. 



Chapter 5 

3185 

 

hNIR: a spectral scanning HSI 

benchtop system for brain imaging 

 
In the previous chapter, a final bespoke design was chosen for the HSI benchtop 

system developed in this thesis work, called hNIR, and aimed at imaging and quan-

tifying the haemodynamic and metabolic states of the exposed cerebral cortex in 

small animals. Such design is based on spectral scanning HSI using a supercontin-

uum laser coupled with a rotating Pellin-Broca prism (as described in Sec. 4.2.3). 

This solution was found to be optimal in combining high spatial resolution and flex-

ibility in the selection of the spectral bands with adequate temporal resolution, at a 

moderate cost for the instrumentation. 

In this chapter, the physical setup of the hNIR system is presented and de-

scribed in its main components and overall functioning, including the spectral illu-

mination procedure and the hyperspectral data acquisition. Moreover, both the illu-

mination side and the imaging side of hNIR are also characterised, specifically re-

garding its spectral and power performances, as well as its overall image quality (in 

terms of FOV, spatial resolution, image contrast and SNR). 

Finally, the hyperspectral data processing methodology and related algorithms 

performed on the hypercubes acquired with hNIR are also presented: these also in-

clude the integration of the instrumentation with the MC HSI framework developed 

in Chapter 3 for the estimation of the spatial distribution of the pathlengths of the 

detected photons, as well as for the implementation of the post-processing correc-

tion introduced and computationally tested in Sec. 3.3.1. 

Validation and testing of the performances of hNIR to monitor brain haemody-

namics and metabolism are then conducted and presented successively in the next 
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two chapters, in both liquid optical phantoms and in vivo on mice. 

Sections and figures of the conference proceeding article in [263] by L. Gian-

noni et al have been modified and adapted to form parts of this chapter, with reprint 

permission under CC BY 4.0 License. 

 

5.1 Description of the hNIR system 

A diagram of the overall configuration of the hNIR system is shown in Fig. 5.1. 

Figure 5.1: Configuration of the hNIR setup, including spectral illumination side and im-

aging side. Broadband light emitted by the supercontinuum laser is dispersed 

in its wavelength constituents by the Pellin-Broca prism mounted on a rotating 

motor and then focused to a small-core optic fibre that only selects a narrow 

spectral bandwidth. At every rotation of the motor, a different band is scanned, 

which then illuminates the target. Reflected light form the target is then col-

lected by a reflective objective, focused through a relay lens and recorded by 

a camera synchronised with the rotating motor. 

 

The spectral illumination side of hNIR is composed of a supercontinuum laser 

(Fianium WhiteLase SC440-40 [264]) that is coupled with a Pellin-Broca prism 

(Thorlabs ADB-10 [249]) mounted on a high-precision, fast rotating motor (PI U-

651.04 [265]) for rapid, sequential illumination of the target at different wave-

lengths bands (both in the visible and in the NIR range). A picture of the illumina-

tion side of the hNIR setup is shown in Fig. 5.2a.  
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The Fianium supercontinuum laser is capable of emitting a broadband light 

output (400-2500 nm) with a nominal spectral power of 6-12 mW/nm in the visible 

and NIR range between 400 nm and 1000 nm. Such broadband output power is 

collimated in a beam of approximately 2 mm in diameter and divergence equal to 3 

mrad. The collimated beam shines from an optic fibre directly onto the inlet surface 

of the Pellin-Broca prism at a Brewster’s angle of about 56.5°. When reaching the 

prism, the beam has a diameter of about 1.1 cm. The Pellin-Broca prism is designed 

to disperse light in a range between 380 and 2500 nm. The dispersed broadband 

beam exits the prism at 90° with respect to the entrance angle and reaches an achro-

matic, focusing doublet lens (Thorlabs AC254-200-AB [266]) with focal length 

equal to 200 mm. This lens collimates the dispersed beam towards a broadband 

beamsplitter (Thorlabs BSN11 [267]) that transmits 90% of the light to a small-core 

(10-μm diameter), multi-mode optic fibre (Thorlabs M64L01 [268]), that is posi-

tioned at the focal point of the lens and it is used to illuminate the target. This pro-

cedure allows maximising the power reaching the fibre, which in turn selects only 

a small portion of the spectrum of the dispersed beam (due to its small diameter). 

The remaining 10% of the dispersed beam is reflected towards another multi-mode 

optic fibre (Thorlabs M14L01 [268]) of diameter equal to 50 μm, which is con-

nected to a spectrometer (Ocean Optics USB4000 [269]). This is used to constantly 

monitor the shape and intensity of the spectra of each selected spectral band, as to 

ensure they remain stable during illumination and hyperspectral data acquisition. 

Rotating the PI motor in rapid sequence allows the system to switch between 

the selected spectral bands, each corresponding to a specific angular position of the 

motor. The PI motor has a maximum angular speed of 540 deg/s and allows incre-

mental steps of a minimum of 0.7 mdeg, with bidirectional repeatability of ±1.4 

mdeg. Angular resolution of the PI motor stands at 0.23 mdeg.  

Finally, the filtered light that exits the optic fibre is directed towards the imaged 

target. Before illuminating it, the spectrally-isolated beam is filtered by an electro-

active polymers LSR (Optotune LSR-3005-6D-NIR [255]), to diffuse the light and 

mitigate the occurrence of speckle noise, and then further collimated using another 

achromatic doublet lens (Thorlabs AC254-030-AB [266]) with focal distance of 30 

mm. This last step allows concentrating the majority of the power of the spectral 
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beam into a small illuminating area of around 4 mm in diameter.  

Figure 5.2: a) Picture of the spectral illumination side of hNIR, including the output end 

of the Fianium supercontinuum laser, the Pellin-Broca prism mounted on a 

rotating motor and the focusing lens that couples the dispersed light to the 

input end of an optic fibre, for selecting the desired spectral bands and direct-

ing the illuminating light. Part of this focused beam is reflected through a 

beamsplitter to another optic fibre to monitor power and spectral stability; b) 

Picture of the Fianium supercontinuum laser, the spectrometer used to monitor 

beam stability and the black optical enclosure encasing the illumination side 

of the hNIR system; c) Picture of the imaging side of the hNIR system, com-

posed of the Zyla sCMOS camera coupled with a reflective objective and an 

achromatic, infinity-corrected relay tube lens. The LSR used in front of the 

optic fibre coming from the illumination side is visible, as well as the colli-

mating lens that shapes the filtered beam before reaching the target. 

 

A black optical enclosure (Fig. 5.2b) made of black hardboard (Thorlabs TB4 

[270]) is built around most components of the illumination side of the hNIR system, 

including on its inside: (1) the output end of the laser optic fibre; (2) the Pellin-

Broca prism; (3) the PI rotating motor; (3) the collimating lens; (4) the input end of 

the optic fibre for illumination; (5) the broadband beamsplitter; and (6) the input 

end of the optic fibre used to control power and spectral stability. The enclosure has 

the purpose of shielding the laser light for safety, as well as to avoid it contaminat-

ing the spectral bands illuminating the target or the detected light. 
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Table 5.1: Characteristics and features of the hNIR system based on the characterisation 

of both its illumination and imaging sides. 

Specifications Illumination side 

Illumination mode: Spectral scanning 

Type of source: Supercontinuum laser 

Type of filter: Rotating Pellin-Broca prism 

Spectral range: 380-2500 nm 

Number of spectral bands: 8 (NIR) or 11 (visible and NIR) 

Selected spectral bands: 

600, 630, 665, 784, 

800, 818, 835, 851, 

868, 881 and 894 nm 

Spectral resolution (FWHM): 
~6-8 nm (visible) 

~8-11 nm (NIR)  

Average power per spectral band: 
~60-95 μW (visible) 

~85-110 μW (NIR) 

Average switching rate between bands: ~150 ms/band 

Specifications Imaging side 

Type of detector: sCMOS 

Spatial resolution: 2560x2160 pixels 

Pixel size: 6.5 μm 

Frame rate: 
40 fps (at full format) 

400 fps (at 512x512 pixel binning) 

FOV: 0.9x1.1 mm 

Sensitivity (QE): 60% at 600 nm 

Integration time: 150 ms 

Hypercube rate: 0.3 hypercubes/s 

Shutter mode: Global 

Maximum dynamic range: 33,000:1 

Digitisation: 16 Bit 

Operating temperature: 0° to 30°C 

Note: NIR, near-infrared; FWHM, full-width half maximum; sCMOS: scientific complementary 

metal-oxide semiconductor; FOV, field of view; QE, quantum efficiency. 

 

After the illuminating light has interacted with the target and reflected back, 

image acquisition is performed using a sCMOS camera (Andor Zyla 5.5 USB 3 
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[258]), with 5.5-megapixel format (2560x2160 pixels) and 6.5-μm pixel size, that 

can run at maximum frame rate of 400 fps (at 512x512 pixel binning). The camera 

is mounted on a 3D translation stage for correct placement and coupled to an optical 

assembly including: (1) a 15x reflective objective (Thorlabs LMM-15X-P01 [253]) 

covering visible and NIR range (450-2000 nm); and (2) an achromatic, infinity-

corrected relay lens tube (Thorlabs TTL200-B [259]). The optical assembly is used 

to collect the reflected light, as well as for focusing and magnification to the camera 

sensor. The reflecting objective has a numerical aperture (NA) of 0.3 and a working 

distance (WD) of about 23.8 mm. The infinity-corrected relay lens has a focal 

length of 200 mm. Fig. 5.2b depicts the imaging side of the hNIR system.  

The complete characteristics and features of the hNIR system are reported in 

Tab. 5.1 and meet the minimum criteria outlined in Tab. 4.1. Most of these features 

are assessed and demonstrated via characterisation of both the illumination and the 

imaging sides of the setup, as described in the next two sections, respectively. 

 

5.2 Spectral and power characterisation of hNIR 

Technical characterisation of the illumination side of the hNIR system is provided 

here. It focuses in particular on presenting and assessing: (1) the output power per 

spectral band of hNIR; (2) the spectral features of each spectral band employed in 

the system, with primary consideration for their spectral resolution; and (3) the 

switching rate between wavelength bands that hNIR can achieve. 

 

5.2.1 Spectral power output of hNIR 

The power outputs of each of the 11 spectral bands (600, 630, 665, 784, 800, 818, 

835, 851, 868, 881 and 894) selected and used by the hNIR system to spectrally 

illuminate a target in rapid sequence is reported in Tab. 5.2. These correspond with 

accurate approximation to the spectral powers that reach the target during hyper-

spectral data acquisition. Each spectral power output was measured using a digital 

power meter (Thorlabs PM100D [271]), calibrated for each spectral band, from the 

light beam exiting the illumination fibre of the hNIR system, after filtering by the 

LSR and collimation with the achromatic lens (as in Fig. 5.2).
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Table 5.2: Power output of each spectral band of the hNIR system. 

Spectral band: Power output: 

600 nm 69.45 μW 

630 nm 71.24 μW 

665 nm 72.23 μW 

784 nm 94.52 μW 

800 nm 106.45 μW 

818 nm 112.58 μW 

835 nm 114.60 μW 

851 nm 104.84 μW 

868 nm 86.98 μW 

881 nm 86.36 μW 

894 nm 97.50 μW 

 

The differences between the power of each spectral band (in particular between 

the visible and NIR bands) are mostly due to the variable nominal power of the 

supercontinuum laser across the broadband spectrum and to the dispersive effect of 

the Pellin-Broca prism, which does not vary linearly with wavelength. 

 

5.2.2 Spectral characterisation of hNIR 

The full spectra of each of the 11 visible and NIR spectral bands (600, 630, 665, 

784, 800, 818, 835, 851, 868, 881 and 894) of the hNIR system are shown all to-

gether in Fig. 5.3. Each spectrum was measured separately, at each corresponding 

rotation of the motor with the Pellin-Broca prism, by connecting the output of the 

illuminating fibre with the same spectrometer (Ocean Optics USB4000 [269]) used 

for monitoring power and spectral stability. The presence of the LSR and the colli-

mating lens on the illumination side is assumed not to affect in any way the spectral 

output of the system (as to simplify the measurement).  
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Figure 5.3: Complete spectral output of the hNIR system, showing all the 11 spectral bands 

(600, 630, 665, 784, 800, 818, 835, 851, 868, 881 and 894 nm). 

 

The intensities of the measured spectra in Fig. 5.3 reflect the power of each of the 

spectral bands as reported in Tab. 5.2. 

All the 11 wavelength bands are individually characterised by performing a 

gaussian fitting of their spectra, in order to estimate their main spectral features, 

such as: (1) centroid of the band; (2) height of the band; (3) FWHM of the band; (4) 

baseline of the band; and (5) area of the band. The results of the gaussian fitting of 

each band and the relative derived parameters are depicted in Fig. 5.4, for the 8 NIR 

wavelengths between 780 and 900 nm, and in Fig. 5.5, for the three visible bands. 

In particular, spectral resolution of each spectral band of the hNIR system is inferred 

from the FWHMs of the gaussian fitting functions of the bands. It is demonstrated 

that the hNIR system is capable of achieving a spectral resolution of about 6-8 nm 

in the visible range and of approximately 8-11 nm in the NIR range. The spectral 

resolution appears to decrease moving from visible to NIR light: this is again due 

to the non-linearity of the dispersive power of the Pellin-Broca prism, which is 

higher for longer wavelengths.  
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Figure 5.4: Gaussian fitting (in dashed green) and spectral characterisation of the 8 NIR 

spectral bands (in red) of the hNIR system (784, 800, 818, 835, 851, 868, 881 

and 894 nm), with relative derived parameters (reported in the text boxes). 
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Figure 5.5: Gaussian fitting (in dashed green) and spectral characterisation of the three 

visible spectral bands (in red) of the hNIR system (600, 630 and 665 nm), with 

relative derived parameters (reported in the text boxes). 

 

5.2.3 Spectral switching rate of hNIR 

The speed at which the hNIR system is capable of switching from a spectral band 

to the consecutive one was measured using a speed tracking and recording pro-

gramme that is built in the controlling software of the PI motor. The programme 

tracks the angular stepping movement of the motor over time, comparing it with the 

ideal angular step size that is input to the motor controller. The angular error is also 

tracked over time, measured as the difference between the ideal step size and the 

actual step size achieved by the motor. The results of the speed tracking and record-

ing of the PI motor with the Pellin-Broca prism of the hNIR system is reported in 

Fig. 5.6, for an arbitrary step size of 10 mdeg. This shows that the hNIR system is 

capable of performing a step movement of size equal to 10 mdeg in about 22 ms, 

including the settle time needed to minimise the step error. The final step error is 

shown to be approximately 0.037 mdeg. 
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Figure 5.6: Temporal trend of the step movement (in orange) of the hNIR system to per-

form an ideal step (in blue) of 10 mdeg, with relative angular error (in purple). 

The hNIR is capable of performing such step size in about 22 ms. 

 

Based on the spectral range allowed by the Pellin-Broca prism (380 to 2500 

nm) and the angle between the longest (2500 nm) and shortest (380 nm) wavelength 

dispersed by the prism, which is equal to 5.42° [249], the angular step sizes Δθ 

corresponding to different spectral widths Δλ can be estimated. Given Δλ, 

∆𝜃 =
5.42°

2500 nm − 380 nm
∆𝜆 . 

In particular, for the NIR range the largest spectral width Δλ between consecutive 

wavelength bands is equal to 18 nm, while for the visible wavelengths it is equal to 

35 nm. These correspond to angular steps Δθ of about 46 mdeg and 89.5 mdeg, 

respectively, as obtained from (5.1). Based on the measured angular speed of the PI 

motor with the Pellin-Broca prism, it can be derived that the hNIR system is capable 

of performing the abovementioned angular steps in approximately 100 ms and 190 

ms, respectively. Therefore, the average switching rate of the hNIR system across 

all the 11 spectral band stands at about 150 ms per band.  

The spectral switching rate between bands is one of the two factors establishing 

the hypercube rate of the system, the other being the integration time of the sCMOS 

(5.1) 
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camera for each acquired frame. This time depends on the power output delivered 

by the system, as to collect enough photons to achieve high SNR. Considering the 

output power reported in Sec. 5.2.1, the minimum integration time for the camera 

was estimated at 150 ms, after experimental testing on the exposed cortex of a 

mouse. Thus, combining the average spectral switching time of about 150 ms with 

such integration time, the final hypercube rate of the hNIR system for 11 spectral 

band is equal to approximately 0.33 hypercubes/s (about 1 hypercube every 3 s). 

 

5.3 Imaging characterisation of hNIR 

The characterisation of the imaging side of hNIR is here reported, assessing and 

quantifying image quality and imaging performances of the benchtop system. The 

following features are evaluated and measured: (1) FOV of the imaging side of 

hNIR; (2) image contrast and SNR of the system, in particular concerning the effect 

of the LSR on the overall image quality of hNIR; (3) spatial resolution of the hNIR 

system; and (4) potential presence of imaging aberrations, such as focusing errors 

and other optical distortions.   

 

5.3.1 Field of view (FOV) of hNIR 

The FOV of the hNIR system was measured using a calibrated target, depicting a 

ruler with ticks at 0.5 mm of distance between each other. The target was illumi-

nated with broadband light (illumination across the visible and NIR range) using a 

tungsten-halogen white light source (Ocean Optics HL-2000-FHSA[231]) and im-

aged with the imaging side of the hNIR system (as described in Sec. 5.1). Fig. 5.7 

depicts the image of the calibrated target taken with hNIR. From this, the FOV of 

the system was measured: it stands at about 1.1x0.9 mm. This is perfectly suitable 

for imaging the exposed cerebral cortex of mice via craniotomy (as from Tab. 4.1). 

Given the dimensions of the sensor of the sCMOS camera, equal to 16.6x14.0 

mm [258], the magnification provided by hNIR can be calculated from (2.26) in 

Sec. 2.3.2: this is equal to about 15.09 along the x axis and about 15.56 along the y 

axis. The calculated magnification along both dimensions is in accordance with the 

magnifying power of the reflective objective (15x). The x,y axial difference in the 
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magnification may be due to the accuracy in measuring the FOV. However, it does 

not significantly affect image quality, as it will be demonstrated in 5.3.4.

Figure 5.7: Picture of a calibrated target acquired with the imaging side of hNIR and a 

broadband light source, showing a FOV of 1.1x0.9 mm. 

 

5.3.2 Image contrast and SNR of hNIR 

The effect of the LSR on the image quality performances of the hNIR system, in 

particular image contrast and SNR, is evaluated. This is done by comparing single 

spectral images taken with the hNIR system, with and without the LSR in front of 

the illumination fibre. An initial qualitative comparison for images taken with hNIR 

at 784 nm, depicted in Fig. 5.8, shows that the implementation of the LSR strongly 

mitigates the occurrence of laser speckle noise and greatly improves image quality 

of the spectral images. 

Quantification of image contrast C and SNR is then conducted for every spec-

tral image of each of the 11 spectral bands acquired with the hNIR system imaging 

the same calibrated target, with and without the use of the LSR. Image contrast C 

and SNR are calculated in specific ROIs of all the spectral images from (2.27) and 

(2.28) in Sec. 2.3.2. For this purpose, two square ROIs of 100x100 pixels are cho-

sen: (1) a ROI located entirely on a darker region, such as on the ticks in the cali-

brated target; and (2) a ROI located on a brighter region corresponding to the white 

background of the calibrated target. The positions and sizes of the two ROIs on the 

spectral images at 784 nm are visible in Fig. 5.8. 



 

198        Chapter 5. hNIR: a spectral scanning HSI benchtop system for brain imaging                                                    

  

 Figure 5.8: Pictures of a calibrated target acquired with the imaging side of hNIR at 784 

nm, without (a) and with the LSR before the illumination fibre (b). The posi-

tions and sizes of two square ROIs used for the calculations of image contrast 

and SNR of all the spectral images (before and after speckle reduction) are 

also shown. One ROI (in red) is located in a darker region, while the other 

ROI (in blue) includes only background (brighter region). 

 

The variation ∆𝐼 in the detected light intensity is calculated as the absolute value of 

the difference between the mean intensity in the first ROI (on the darker region) 

and the mean intensity in the second ROI (on the bright background). Similarly, the 

average intensity 〈𝐼〉 of the background and the standard deviation 𝜎𝐼 of the back-

ground are calculated as the mean intensity and the standard deviation of the inten-

sity in the second ROI (on the white background), respectively. The values of the 

image contrast C and SNR calculated from the previous quantities with (2.27) and 

(2.28) are then reported in Tab. 5.3 for all the 11 spectral bands, with and without 

the use of the LSR before the illuminating optic fibre. 

The average image contrast C across the 11 spectral bands of hNIR with the 

use of the LSR stands at about 0.85, for the images of the calibrated target. Consid-

ering that a maximum image contrast C of 1 is equivalent to ‘perfect’ contrast and 

a null C to the absence of any contrast, the hNIR demonstrated a high image contrast 

capability for both visible and NIR wavelengths. Similarly, the average SNR in the 

background of the spectral images, taken at the 11 spectral bands of hNIR with the 

use of the LSR, is estimated at approximately 343, i.e. image signal is about 343 

times higher than image noise across the spectrum of targeted wavelengths. This is 

indicative of high SNR performances of the imaging side of the hNIR system across 
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both visible and NIR light. Furthermore, both image contrast C and SNR of hNIR 

without the use of the LSR are found to be lower than the corresponding values 

obtained with the LSR (Tab. 5.3), for all the 11 spectral bands of the system. This 

demonstrates and quantifies the efficacy of the LSR in significantly mitigating 

speckle noise and improving overall image quality of hNIR, with an increase in the 

average image contrast C and average SNR of about 7.6% (0.85 against 0.79) and 

196% (343 against 116), respectively, with the application of the device. 

 

Table 5.3: Calculated image contrast C and SNR for two specific ROIs of the spectral 

images of a calibrated target acquired with hNIR, for each of the 11 spectral 

bands, with and without the use of the LSR. 

Spectral 

band: 

Image contrast: 

 𝐶 =
∆𝐼

〈𝐼〉
 

 

Signal-to-noise ratio: 

 𝑆𝑁𝑅 =
〈𝐼〉

𝜎𝐼
 

Without LSR With LSR Without LSR With LSR 

600 nm 0.7036 0.7759 132.4872 396.3873 

630 nm 0.7138 0.7715 132.2473 390.7647 

665 nm 0.7945 0.8587 134.8283 398.3912 

784 nm 0.8276 0.8944 113.9109 336.5843 

800 nm 0.8222 0.8886 99.4540 293.8671 

818 nm 0.8139 0.8796 113.8757 336.4803 

835 nm 0.8091 0.8744 102.2641 302.1704 

851 nm 0.8072 0.8724 103.9589 307.1783 

868 nm 0.8007 0.8654 111.9894 330.9068 

881 nm 0.7952 0.8594 95.0954 282.4509 

894 nm 0.7946 0.8588 134.0035 395.9541 

Note: LSR, laser speckle reducer; SNR, signal-to-noise ratio. 

 

5.3.3 Spatial resolution of hNIR 

Spatial resolution of the hNIR system was assessed and quantified using a positive 

resolution test target, the USAF 1951 (Thorlabs R1L1S1P [272]). This type of res-

olution target is composed of groups and elements of black lines, with each group 
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and element within a group presenting different thickness of these lines and differ-

ent distance between the lines. Each element in these groups corresponds to a spe-

cific value of spatial resolution, measured in lines per mm (lp/mm), which is defined 

as twice the width of the lines in the element. The smallest element of the USAF 

1951 that can be resolved by the imaging system determines its spatial resolution. 

The USAF 1951 target was first illuminated using broadband light from a tung-

sten-halogen white light source (Ocean Optics HL-2000-FHSA[231]) and imaged 

with the imaging side of the hNIR system. This was done to assess the general spa-

tial resolution of hNIR, independently from the selected spectral band. The resulting 

image of this first test is depicted in Fig. 5.9, for the whole FOV (Fig. 5.9a) and also 

for zooming on the smallest resolved group (Fig. 5.9b), to identify the smallest re-

solved element (Fig. 5.9c). 

Figure 5.9: a) Picture of a USAF 1951 resolution target obtained with the imaging side of 

hNIR using broadband illumination, where the smallest resolved groups (in 

red) are identified; b) Zoom on the smallest resolved group (Group 7), where 

the smallest resolved element is identified (in red); c) Zoom on the smallest 

resolved element (element 6); d) Line profile of the smallest resolved element. 

d) 
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From Fig. 5.9, it emerges that the smallest element in the USAF 1951 that is resolv-

able with hNIR using broadband light is identified as Group 7 Element 6, which 

corresponds to a spatial resolution of 228 lp/mm. This is also confirmed by the line 

profile of the image intensity for a cross-section view on the camera pixels laying 

over the three lines of Group 7 Element 6, as reported in Fig. 5.9d. The results of 

the hNIR system on the USAF 1951 can then be translated to a general spatial res-

olution with broadband light of 2.19 μm.  

A similar assessment and quantification of spatial resolution is also performed 

for every single spectral band used by the hNIR system. This is done by repeating 

the previous imaging test and illuminating the USAF 1951 resolution target with all 

the 11 spectral bands of hNIR in sequence. From all these tests, it was found that 

the smallest resolvable element by the hNIR system is still Group 7 Element 6 for 

all the 11 spectral bands, as depicted in Fig. 5.10.  

Figure 5.10: Pictures of the smallest resolvable element (Group 7 Element 6) on a USAF 

1951 target obtained with the imaging side of hNIR at 600 (a), 630 (b), 665 

(c), 784 (d), 800 (e), 818 (f), 835 (g), 851 (h), 868 (i), 881 (j) and 894 nm (k). 

 

The various pictures in Fig. 5.10 of Group 7 Element 6 of the USAF 1951 target at 

different spectral bands show a small reduction in spatial resolution as moving from 

visible to NIR, mainly due to a decrease in image contrast and SNR for longer and 
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longer wavelengths (as seen in Tab. 5.3). Nonetheless, the spatial resolution for 

each single spectral band can still be estimated at 228 lp/mm, corresponding again 

to 2.19 μm. This proves that the hNIR system is able of providing high spatial res-

olution for exposed cerebral cortex microscopy (as from Tab. 4.1), that is main-

tained approximately stable across the whole imaged spectrum of light. 

 

5.3.4 Assessment of image aberrations and distortions of hNIR 

The final evaluation on the performances of the imaging side of the hNIR system is 

aimed at identifying any potential occurrence of image aberrations and distortions, 

such as focusing errors, chromatic aberrations or other imaging artefacts. For this 

purpose, two different types of targets are used (Thorlabs R1L1S1P [272]): (1) a 

target representing 10 concentric circles of radii from 100 μm to 1 mm, at 100 μm 

intervals, which is used to assess the presence of focusing errors; (2) a target repre-

senting two grids of 20x20 arrays, one having 50-μm pitch and the other with 10-

μm pitch, that are used to recognise any image aberration or distortions at different 

scales. Both types of targets were illuminated using broadband light from a tung-

sten-halogen white light source (Ocean Optics HL-2000-FHSA [231]) and imaged 

with the imaging side of the hNIR system. 

Fig. 5.11a shows the results of the image testing of hNIR with the target com-

posed of concentric circles: no significant focusing error is identifiable. Similarly, 

both tests with the grids (Fig. 5.11b and Fig. 5.11c) demonstrate the lack of sub-

stantial image aberrations or distortions produced by the imaging side of hNIR. 

Figure 5.11: a) Picture of a target made of 100-μm wide concentric circles used to assess 

focusing errors; (b) Picture of 50-μm pitch grid used to identify the occur-

rence of image aberrations or distortions; (c) Picture of 10-μm pitch grid used 

to evaluate the presence of image aberrations or distortions at smaller scale. 

All the three pictures are obtained with the imaging side of the hNIR system 

using broadband illumination. 
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5.4 HSI data collection and processing with hNIR 

The general functioning of the setup of the hNIR system was introduced and de-

scribed in Sec. 5.1. The various components of the hNIR setup were then intercon-

nected with each other, such that the data acquisition process could be automatised 

and fully controlled through a GUI. This GUI was appositely created during this 

thesis work as part of the system development process.  

The hyperspectral data collection and recording procedure of the hNIR system 

with the GUI is here described. Subsequently, the various steps of the methodology 

used for processing and analysing the hyperspectral data acquired with the hNIR 

system are also presented, including the integration of the setup with the MC HSI 

framework developed, tested and described in Chapter 3. 

Operation of the setup, data collection and data processing with hNIR are all 

performed using the same Dell Precision Tower 5810 XL workstation (Intel Xenon 

Processor E5-1620 v3 [213]; 6 NVIDIA Quadro M2000 4 GB video card [214]) 

used for the computational studies with the MC HSI framework in Chapter 3. 

 

5.4.1 Hyperspectral data acquisition via GUI 

A custom software with GUI was designed and developed using LabVIEW 2019 

[260], in order to easily run and operate the hNIR system as a whole, as well as to 

perform hyperspectral data collection and recording during experiments.  

The GUI software of hNIR, whose front panel is showed in Fig. 5.12, has the 

following functions: (1) to initialise, operate, control and synchronise with each 

other all the major components of the hNIR system, in particular the PI rotating 

motor and the Zyla sCMOS camera; (2) to allow the selection of the desired param-

eters for the data acquisition, including the spectral bands (up to 11), the integration 

time of the camera, the shutter type of the camera and the total number of hyper-

cubes to acquire in sequence; (3) to monitor the temperature of the camera, as well 

as the spectral and power stability of the illumination side of the hNIR system; (4) 

to acquire and save hyperspectral datasets of spectral images at the selected spectral 

bands and with the desired integration time; (5) to provide a live preview of the 

acquired spectral images during data collection.  
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Figure 5.12: Front panel of the GUI software based on LabVIEW that is used to run the 

hNIR system and perform hyperspectral data acquisition. The software al-

lows the user to select the desired spectral bands, the integration time of the 

camera and the number of hypercubes to acquire in sequence. It also shows 

a live preview of the acquired spectral images at each spectral band. 

 

The GUI software allows full automation of the data collection process and of 

the operation of the hNIR system, dividing it into multiple successive and parallel 

steps, from initialisation of each component of the setup to the ultimate extrapola-

tion and saving of the collected hypercubes. A flowchart diagram of these steps is 

reported in Fig. 5.13, offering a visual representation of the data collection and re-

cording process. Firstly, the GUI software initialises both the PI rotating motor and 

the Zyla sCMOS camera, the latter being also cooled down to its operating temper-

ature (that is maintained stable for the whole data collection process of hNIR). Af-

terwards, the GUI software obtains as inputs the selected spectral bands and the 

main parameters of the camera. Then, the preliminary steps before the data acqui- 
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Figure 5.13: Flowchart of the operation of the hNIR system and of the hyperspectral data 

collection process using the GUI software. 
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sition acquisition follow: the motor is moved to its origin angular position (position 

zero), while the main parameters of the camera are set. At this point, the GUI soft-

ware requires to read an angular calibration file (created a priori using the spec-

trometer to collect the output spectra of each band), which specify which angular 

position of the rotating motor each spectral band corresponds to. After reading this 

calibration file, the data acquisition starts: the motor is moved to the angular posi-

tion corresponding to the first selected spectral band, followed by the camera col-

lecting a frame at the selected integration time. The frame is then saved into a binary 

file and simultaneously showed on the front panel for live preview. These last three 

steps are then repeated sequentially for each spectral band and for each hypercube 

to be acquired. After all the required hypercubes have been acquired, the data col-

lection process stops and both the rotating motor and the camera are shut down. 

Each binary file corresponding to a single spectral frame of the hNIR system 

has size of about 10.5 MB, thus making the size of a whole hypercube composed of 

all the 11 spectral bands equal to approximately 115.5 MB.  

 

5.4.2 Processing of the hyperspectral data acquired with hNIR 

After the desired hyperspectral data have been collected, in the form of several hy-

percubes each composed of a number of frames equal to the number M of selected 

spectral bands (up to 11 for hNIR), a data processing and analysis methodology is 

implemented and conducted on these raw hypercubes in order to retrieve spatial 

information about haemodynamics and metabolism (similar to the approaches al-

ready showed in Sec. 3.1.3 and Sec. 4.5.3). The methodology of data processing 

and analysis for the hNIR system was developed using MATLAB 2018 [273] and 

it integrates a MBLL approach with the use of the MC HSI framework described in 

Chapter 3: this is done to estimate the spatial distributions of the average path-

lengths of the detected photons in the target tissue, as well as to provide post-pro-

cessing correction for improving quantification and image quality of the results. A 

flowchart of the data processing and analysis methodology that is used with the 

hNIR system is depicted in Fig. 5.14. 

The first step in the analysis of the hyperspectral data involves pre-processing 

to improve overall SNR of the spectral images. Firstly, the raw spectral images of  
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Figure 5.14: Flowchart of the various steps of pre-processing, processing and post-pro-

cessing of the data analysis methodology developed and implemented on the 

raw hypercubes acquired using the hNIR system. 

 

all hypercubes acquired with hNIR are filtered to further reduce the influence of 

speckle noise generated by the laser source (even though the majority of such noise 

is mitigated by the LSR, as demonstrated in Sec. 5.3.2). The filtering is performed 

2 
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using a 2D-adaptive, low-pass Wiener filter [274]–[276], provided as a function by 

MATLAB [277]. SNR of the spectral images obtained with hNIR after this 2D fil-

tering step was estimated from (2.28), exactly as conducted in Sec. 5.3.2, using the 

same images of the calibrated target and for the same ROI (as in Figure 5.8): the 

calculated average SNR shows and enhancement of about 10.2% (378 against 343) 

with the pre-processing filtering across the 11 spectral images, compared to the val-

ues in Tab. 5.3. 

Afterwards, all the filtered hypercubes (for each condition dataset) are cor-

rected via subtraction of the dark reference hypercube acquired at the same integra-

tion time as the rest of the data. Thus, the corrected intensity 𝐼𝑘,𝑙(𝜆) at every wave-

length band λ and in each pixel k, l of the hypercubes is obtained as following: 

𝐼𝑘,𝑙(𝜆) = 𝐼𝑓𝑖𝑙𝑡(𝜆)𝑘,𝑙 − 𝐼𝑑𝑎𝑟𝑘(𝜆)𝑘,𝑙 . 

𝐼𝑓𝑖𝑙𝑡(𝜆)𝑘,𝑙and 𝐼𝑑𝑎𝑟𝑘(𝜆)𝑘,𝑙 are the intensity values at each wavelength band λ ac-

quired with hNIR of the filtered hypercubes and of the dark reference hypercubes, 

respectively (for each pixel k, l).  

The last procedure in the pre-processing of the hyperspectral data involves time 

integration and averaging. In particular, the hypercubes of the baseline condition 

are typically time-averaged over their whole acquisition time, as to obtained a single 

averaged baseline hypercube out of them. The averaged baseline hypercube has in-

tensity 𝐼𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒(𝜆)𝑘,𝑙 for every spectral band λ and in each pixel k, l. Conversely, 

the other hypercubes (typically corresponding to a specific experimental condition 

or phase, e.g. hyperoxia or hypoxia) are time averaged into a number of specific 

time windows, according to the acquisition time of the given dataset. Thus, these 

averaged hypercubes for each time window Δt have intensity 𝐼∆𝑡(𝜆)𝑘,𝑙 for every 

spectral band λ and in each pixel k, l. 

Following pre-processing, a MBLL approach is applied on the time-averaged, 

corrected hypercubes of each condition as to reconstruct spatial maps of the relative 

changes Δ[HbO2], Δ[HHb] and Δ[oxCCO] in the concentrations of HbO2, HHb and 

oxCCO of the imaged FOV. Firstly, attenuation ∆𝐴(𝜆)𝑘,𝑙 between the baseline and 

a given time window Δt of the i-th condition is calculated for each pixel k, l and 

(5.2) 
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every selected spectral band λ of the hypercubes:  

∆𝐴(𝜆)𝑘,𝑙 = − log10 (
𝐼∆𝑡(𝜆)𝑘,𝑙

𝐼𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒(𝜆)𝑘,𝑙
) . 

Afterwards MBLL is applied pixel-wise (for each pixel k, l) on the attenuation val-

ues ∆𝐴(𝜆)𝑘,𝑙  to calculate the corresponding haemodynamic and metabolic maps of 

Δ[HbO2], Δ[HHb] and Δ[oxCCO], for each time window Δt of all the experimental 

conditions. Thus, for each pixel k, l, of the pre-processed hypercubes the following 

systems of algebraic equations are set: 

[
 
 
 
𝛥𝐴𝑘,𝑙(𝜆1)

𝛥𝐴𝑘,𝑙(𝜆2)

⋮
𝛥𝐴𝑘,𝑙(𝜆𝑀)]

 
 
 

=

[
 
 
 

𝜀HbO2
(𝜆1) 𝜀HHb(𝜆1) 𝜀diffCCO(𝜆1)

𝜀HbO2
(𝜆2) 𝜀HHb(𝜆2) 𝜀diffCCO(𝜆2)

⋮ ⋮ ⋮
𝜀HbO2

(𝜆𝑀) 𝜀HHb(𝜆𝑀) 𝜀diffCCO(𝜆𝑀)]
 
 
 

×

[
 
 
 
𝑃𝐿𝑘,𝑙(𝜆1)

𝑃𝐿𝑘,𝑙(𝜆2)

⋮
𝑃𝐿𝑘,𝑙(𝜆𝑀)]

 
 
 

× [

∆[HbO2]𝑘,𝑙

∆[HHb]𝑘,𝑙

∆[oxCCO]𝑘,𝑙

]  . 

The reference spectra for the molar extinction coefficients εHbO2
 and εHHb of haemo-

globin were obtained from Matcher et al [261], while the oxidised-reduced molar 

extinction coefficients εdiffCCO for CCO were measured in vivo at UCL [6]. Both sets 

of extinction coefficients are reported in Tab. B.1 of Appendix B. 

The maps (for each wavelength λ) of the spatial distributions of the average 

total pathlength PLk,l (λ) of the detected photons are estimated by running apposite 

simulations with the MC HSI framework, after modelling a meshed domain out of 

a picture of the FOV (as described in Sec. 3.1.2). A high-contrast picture of the 

FOV is typically used, that is obtained with the imaging side of the hNIR system 

using broadband illumination. The optical properties of the domain in the simula-

tions are selected accordingly to the experimental conditions, based on physiologi-

cal parameters measured during the data acquisition. 

Finally, the sets of algebraic systems in (5.4), for each pixel k, l, can be then 

written in matrix format and solved using again the Moore-Penrose pseudo-inverses 

of the matrices of the molar extinction coefficients [211], [212], for the three un-

knowns Δ[HbO2], Δ[HHb] and Δ[oxCCO]. 

(5.4) 

(5.3) 
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 The last step in the hyperspectral data processing methodology consists in im-

plementing the spatially-selective, post-processing correction that was described 

and tested in Sec. 3.3.1. The MC HSI framework is again used to estimate maps of 

the distribution of both the average partial pathlengths PL𝑘,𝑙,𝑣𝑒𝑠𝑠𝑒𝑙(𝜆) that the de-

tected photon have travelled in the simulated vasculature and the average partial 

pathlengths PL𝑘,𝑙,𝑔𝑟𝑒𝑦(𝜆) they travelled in the grey matter (for each wavelength λ). 

From these values and the values of the average total photon pathlength PLk,l (λ) 

used in (5.4), the two maps of the correction factors, 𝐶𝐹′𝑘,𝑙 and 𝐶𝐹′′𝑘,𝑙 (for each 

pixel k, l), are calculate from (3.10) in Sec. 3.3.1. The two maps are then ultimately 

used in (3.11) and (3.12) in Sec. 3.3.1, in order to correct the haemodynamic and 

metabolic maps obtained from (5.4). 

Further post-processing analysis can then be performed on the final recon-

structed maps (both before and after correction), such as spectroscopy analysis on 

specific ROIs (as done previously in Chapter 3) or the reconstruction of maps for 

additional haemodynamic and metabolic parameters derivable from Δ[HbO2], 

Δ[HHb] and Δ[oxCCO]. 



Chapter 6 

3211 

 

Testing and validation of hNIR on 

liquid optical phantoms 

 
The hNIR system, that was described and characterised in the previous chapter, is 

here tested and validated on liquid optical phantoms, in order to assess its ability 

and its performances to simultaneously measure and resolve changes in the concen-

trations of the two forms of haemoglobin and the oxidative state of CCO. 

Liquid optical phantoms based on blood and Intralipid are commonly used in 

NIRS [278], [279] to validate the capacity of a NIRS instrument to retrieve correct 

information about haemoglobin oxygenation, due to the fitness of such phantoms 

for mimicking the optical properties of biological tissues. The oxygenation and de-

oxygenation of the blood in the liquid phantoms can be performed in various ways, 

such as by bubbling oxygen gas (O2) for oxygenating the blood and by bubbling 

nitrogen gas (N2) for deoxygenating it. Furthermore, the addition of yeast to this 

type of phantoms as a deoxygenating agent has been recently demonstrated to be 

an effective way to validate the ability of a bNIRS system to also concurrently re-

solve changes in the concentration of oxCCO [227]. This is because yeast consumes 

oxygen using the same aerobic process of human tissues, including the ETC with 

the oxidation-reduction of CCO (as described in Sec. 2.4.2). Thus, the presence and 

variations in concentration of oxCCO in the yeast of the liquid phantoms can be 

detected during blood oxygenation and deoxygenation. 

  The validation procedure consists in testing the hNIR system on two different 

liquid phantoms: (1) one including only haemoglobin (within blood), and (2) an-

other including both haemoglobin (in blood) and CCO (in the yeast). The same data 

acquisition process is conducted with hNIR, and it involves imaging separately both 
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phantoms during alternate phases of oxygenation and deoxygenation of the blood. 

In the first phantom, deoxygenation is obtained via bubbling of N2, while in the 

second one via the yeast. This approach allows one to separate the signals of hae-

moglobin, present in both phantoms, from the signal of CCO, present only in the 

second phantom, thus assessing whether the changes in the concentration of oxCCO 

measured by hNIR are effectively generated by the optical signature of this chro-

mophore and do not arise from crosstalk. 

The validation step via liquid optical phantoms described in this chapter is nec-

essary and fundamental in order to test the hNIR system under controlled condi-

tions, before moving to in vivo experiments on the exposed cerebral cortex of mice, 

which are treated in the following chapter. 

 

6.1 Preparation of the liquid phantoms 

The recipes and preparation of the liquid optical phantoms used for the experiments 

described in this chapter are based on procedures by F. Lange et al [227]. Two 

phantoms, of 1.5 L each, were prepared: one (Phantom 1) containing deionised wa-

ter, Intralipid, phosphate-buffered saline (PBS) and blood, while the other (Phantom 

2) including the same components with the addition of yeast. The compositions of 

the two liquid phantoms are reported in Tab. 6.1. 

 

Table 6.1: Compositions and main parameters of the two liquid optical phantoms used to 

test and validate the hNIR system: Phantom 1 is composed of deionised water, 

Intralipid, PBS and blood, while Phantom 2 also includes yeast. Oxygenation 

of both phantoms is obtained via O2 bubbling, while deoxygenation is achieved 

via N2 bubbling, for Phantom 1, and by the yeast, for Phantom 2. 

Composition: Phantom 1 Phantom 2 

Deionised water (L) 1.4 1.4 

Intralipid (g) 75 75 

PBS (mM) 50 50 

Blood (mL) 25 25 

Yeast (g) 0 10 

Oxygenation O2 bubbling O2 bubbling 

Deoxygenation N2 bubbling yeast 
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Both liquid phantoms created with the mixtures in Tab. 6.1 were contained in 

a metallic box, with dimensions equal to 27x15x16 cm. The inner surface of the 

box was covered in black absorbing paint to minimise reflection: this was done to 

mitigate boundaries effect and thus approximate the liquid phantoms to semi-infi-

nite media. First, a solution of 1.4 L of deionised water, 50 mM PBS (Sigma-Al-

drich PBS P3813 [280]) and 75 g of Intralipid 20% (Fresenius Kabi Intralipid 20% 

[281]) was poured into the box, which was constantly stirred and kept homogeneous 

using a magnetic stirrer and also maintained at a temperature of about 36.5°-37° 

using a hot plate. The use of deionised water and intralipid has the purpose of mim-

icking the absorption and scattering properties of two of the main components of 

biological tissues, i.e. water and lipid [282], [283], while PBS is added to achieve 

and maintain a physiological pH (approximately 7.2-7.4) in the liquid phantoms. 

Afterwards, 25 mL of blood were added to both phantoms using a syringe, in order 

to replicate the absorption properties of haemoglobin. For Phantom 2, 10 g of yeast 

were then added to achieve deoxygenation during the experimental procedure. 

Figure 6.1: Picture of one of the liquid optical phantoms within its metallic container, in-

cluding all the probes and the gas diffusers (air bubbling stones). 

 

Oxygenation via O2 bubbling (for both phantoms) and deoxygenation via N2 

bubbling (only for Phantom 1) were induced using industrial gas tanks connected 

to air bubbling stones, that were positioned at the bottom of the metallic box. 
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The most important physiological parameters of both liquid phantoms were 

constantly monitored during the experiments, in particular: (1) the temperature of 

the mixtures, using a temperature probe; (2) the pH of the mixtures, using a pH 

sensor; and (3) the content of dissolved oxygen (DO) in the mixtures, using an ox-

ygen sensor. An example of one of the liquid phantoms inside the metallic box and 

the relative probes is shown in Fig. 6.1. 

 

6.2 Experiments on liquid phantoms with hNIR 

The hNIR system was used to image Phantom 1 and Phantom 2 separately, during 

a series of induced oxygenation and deoxygenation events. Only the 8 NIR spectral 

bands of hNIR were used (784, 800, 818, 835, 851, 868, 881 and 894 nm), since 

both phantoms are homogeneous and no spatial features were to be resolved. Thus, 

the addition of visible light to improve image quality (as shown computationally in 

Sec. 3.3.1) was not required for this type of validation experiments. 

The illumination fibre and FOV of the hNIR system were positioned over a 

region of the liquid phantoms that was distant enough from both the stirrer and the 

gas diffusers, in order to minimise motion artefacts in the collected hyperspectral 

data. The specifications of hNIR have been described in Sec. 5.2 and Sec. 5.3. 

 

6.2.1 Experimental procedure and data collection on the phantoms 

The experimental procedures conducted on each phantom with the hNIR system are 

reported in Tab. 6.2, with all their consecutives phases. Both procedures are almost 

identical, with the only difference being the deoxygenation method: bubbling N2 

for Phantom 1 and to have yeast consuming oxygen for Phantom 2.  

Each experimental procedure started after the mixtures of the phantoms reached 

homogeneity and a stable temperature (36.5°-37°). Firstly, each phantom was oxy-

genated by bubbling O2 (3 L/min) to a DO equal to about 100%: this phase corre-

sponded to the baseline condition for the data collection. After baseline, a phase of 

deoxygenation followed (DO less than 10%), induced either by bubbling N2 (for 

Phantom 1, at 7 L/min) or by waiting for yeast to deoxygenate the mixture (for 

Phantom 2). Data collection for the deoxygenation phase was started after DO had 
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stabilised in time. Following HSI during the deoxygenation phase, both phantoms 

were re-oxygenated by bubbling O2 again, to reach a DO that was approximately 

equal to the baseline condition (DO standing at about 100%). As for the previous 

phase, data acquisition was again started after DO had reached stability in time. 

Two additional deoxygenation phases and one re-oxygenation phase in between the 

two were repeated before concluding both experimental procedures. For Phantom 

2, the two additional deoxygenation phases were obtained by switching off the O2 

bubbling and waiting for the yeast in the mixture to consume again the oxygen (as 

it had been already added previously). 

 

Table 6.2: Phases of the experimental procedures conducted on each phantom (Phantom 1 

and Phantom 2), using the hNIR system. 

Phase: Phantom 1 Phantom 2 

Baseline 
Oxygenation via  

O2 bubbling (DO=100%) 

Oxygenation via  

O2 bubbling (DO=100%) 

Deoxygenation 1 

(D1) 

Deoxygenation via  

N2 bubbling (DO=7%) 

Deoxygenation via  

yeast (DO=0%) 

Re-oxygenation 1 

(R1) 

Re-oxygenation via  

O2 bubbling (DO=100%) 

Re-oxygenation via  

O2 bubbling (DO=98%) 

Deoxygenation 2 

(D2) 

Deoxygenation via  

N2 bubbling (DO=7%) 

Deoxygenation via  

yeast (DO=0%) 

Re-oxygenation 2 

(R2) 

Re-oxygenation via  

O2 bubbling (DO=100%) 

Re-oxygenation via  

O2 bubbling (DO=99%) 

Deoxygenation 3 

(D3) 

Deoxygenation via  

N2 bubbling (DO=10%) 

Deoxygenation via  

yeast (DO=0%) 

 

During the initial baseline and each of the five following deoxygenation and 

reoxygenation phases, 20 hypercubes were acquired every time for 1 minute (for 

both phantoms). Finally, a dark reference hypercube was also recorded by running 

the hNIR system with the camera sensor completely covered, at the same exposure 

time of the rest of the datasets (equal to 150 ms).  

Data collection was not performed during the dynamic changes in the oxygen-

ation levels of the deoxygenation and re-oxygenation phases, due to formation of 
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bubbles on the surface of the phantoms, distorting the FOV and risking to stain the 

objective. The bubbles disappeared by the time stationary DO level was reached. 

The DO level in each phase was not exactly the same both across phantoms and 

across similar phases during the experimental procedures (as reported in Tab. 6.2): 

this was due to the difference in the efficacies at depleting oxygen between the two 

deoxygenation methods (with yeast being the more effective), as well as due to the 

difficult repeatability of the final conditions after O2 bubbling in Phantom 2 (as the 

yeast kept depleting the oxygen continuously). 

  

6.2.2 Hyperspectral data processing and analysis 

Data processing and analysis of the hyperspectral data acquired with the hNIR sys-

tem on the two tested liquid optical phantoms were conducted according to the 

methodology described in Sec. 5.4.2.  

After dark reference correction and speckle noise filtering, time averaging was 

performed on all the hypercubes in each condition (both baseline and the five de-

oxygenation and re-oxygenation phases). Thus, one final time-averaged hypercube 

over the entire recording time was obtained for each condition. Lack of any dynamic 

change in oxygenation during the data collection (that could be resolved by dividing 

the recording time in temporal windows) motivates the decision to integrate the 

hypercubes of each condition over their whole 1-minute acquisition time, as a 

higher SNR can be achieved this way. 

The MBLL approach using (5.3) and (5.4) was applied to reconstruct the hae-

modynamic and metabolic maps of the relative changes Δ[HbO2], Δ[HHb] and 

Δ[oxCCO] in the concentrations of HbO2, HHb and oxCCO in the imaged FOV on 

both phantoms, for the two main phases (deoxygenation and re-oxygenation) re-

peated during the study, compared to baseline. For this purpose, maps of the spatial 

distribution of the average total photon pathlength PL (λ) were estimated for each 

spectral band of the hNIR system and for each condition (baseline, deoxygenation 

and re-oxygenation), using the MC HSI framework described in Chapter 3.  

Firstly, a meshed domain (similar to the one in Sec. 3.1.2) was created to rep-

licate the geometry and optical properties of the imaged portions of the two liquid 

phantoms: the domain was made of a homogeneous slab, having dimensions equal 
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to 2.4x2.4x1 mm and optical properties based on (3.1)-(3.5) in Sec. 3.1.2. The re-

fractive index n for the domain was assumed equal to 1.365 [4], [284], whereas a 

value of the anisotropy g equal to 0.728, for Intralipid 20% solutions, was taken 

from Zaccanti et al [285]. (4.1) and (4.2) for calculating the scattering coefficient 

µs (λ) of the domain at each wavelength λ were replaced by a formula from Aernouts 

et al [286] (modified for low concentrations of Intralipid), that takes into account 

also the content F of Intralipid in the phantoms from the recipe in Tab. 6.1. Assum-

ing that scattering is primarily driven by the Intralipid in the mixture, then 

𝜇𝑠(𝜆) =  𝐹𝑎′(𝜆)−𝑏′
. 

The values of a′ and b′ in (6.1) stands at 8.2291·109 mm-1 and 2.59, respectively, 

for Intralipid 20% [286]. The abovementioned optical properties are valid for both 

liquid optical phantoms (which differs only by the absorption properties).   

A 2D source, with dimensions equal to 0.6x0.6 mm and centred on the slab, 

was then added to the meshed domain at a distance of 0.5 mm (with the creation of 

a mesh made of air in between the source and the slab). Similarly, a 1.1x0.9-mm 

2D detector was placed at the top surface of the meshed slab, coincident with the 

illumination field from the source. This replicated the entire FOV of the imaging 

side of the hNIR system. A picture of the final meshed domain simulating both the 

two tested phantoms is shown in Fig. 6.2.  

Figure 6.2: Final meshed domain created using the MC HSI framework and replicating a 

portion of the two liquid phantoms used to test the hNIR system. 

(6.1) 
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Then, hyperspectral illumination and imaging of the meshed domain represent-

ing portions of the liquid phantoms were reproduced using the MC HSI framework, 

by simulating photon transport and detection of five hundred million (5e8) photon 

packets launched from the planar source. This was done for each of the 8 NIR spec-

tral bands of hNIR (784, 800, 818, 835, 851, 868, 881 and 894 nm), and for each 

experimental condition (baseline, deoxygenation and re-oxygenation) of both rep-

licated liquid phantoms. Each run of simulations of light transport and diffusion in 

the two meshed liquid phantoms, using all 8 NIR wavelengths (per condition), took 

approximately 13 hours and 55 minutes to be completed. 

The simulated compositions of the meshed domain for both phantoms and each 

experimental phase is reported in Tab. 6.3 [16], [287], which were then used for the 

calculation of the optical properties of the medium from (3.3), (3.4) and (3.5).  

 

Table 6.3: Different compositions of the meshed domain used in the MC simulations, for 

each phantom and for the three main experimental phases [16], [287]. 

Domain 

composition 

Baseline  Deoxygenation Re-oxygenation 

Phan-

tom 1 

Phan-

tom 2 

Phan-

tom 1 

Phan-

tom 2 

Phan-

tom 1 

Phan-

tom 2 

W (%) 97 97 97 97 97 97 

F (%) 1.33 1.33 1.33 1.33 1.33 1.33 

[Hb] (µM) 2325.6 2325.6 2325.6 2325.6 2325.6 2325.6 

B (%) 1.67 1.67 1.67 1.67 1.67 1.67 

S (%) 100 100 7 0 100 98 

[oxCCO] (µM) 0 5 0 0 0 5 

[redCCO] (µM) 0 0 0 5 0 0 

Note: an average concentration of haemoglobin in blood equal to 150 g/L is considered [16] [216]. 

 

The volume contents W, F and B of water, Intralipid and blood, respectively, were 

based on the corresponding quantities from the recipe of both phantoms (Tab. 6.1). 

An average concentration of haemoglobin in blood equal to 150 g/L was assumed 

[16], [215], while oxygen saturation S in both phantoms was considered equal to 

the DO level of the given phase. Lastly, a total concentration of CCO equal to 5 μM 

was assumed in the yeast of Phantom 2 [287] and it was hypothesised that CCO 

was fully reduced during deoxygenation and fully oxidised during re-oxygenation. 
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Finally, the 2D detector was divided in 2560x2160 pixels (6.5-µm pixel size), 

equal to the size of the spectral images acquired with hNIR: then, the total path-

length of each simulated detected photon was binned, weighted and mapped (as 

described in Sec. 3.1.2) to obtain the spatial distribution of the average PL (λ), for 

each condition and each spectral band of both phantoms. Fig. 6.3 reports an exam-

ple of a map of the spatial distribution of PL (λ), at 835 nm and for the baseline 

condition (the same for both phantoms). The final maps of PLk,l  (λ) used in (5.4) 

were the values (in each pixel k, l), of the mean between the average total photon 

pathlengths in the baseline and the given experimental condition. 

Figure 6.3: Example of average photon pathlength map, at 835 nm, reproducing the spatial 

distribution of the average total pathlengths of the simulated detected photons, 

from the simulations with the MC framework on the liquid phantom domain. 

 

The spatially-selective, post-processing correction developed in Sec. 3.3.1 was 

not applied to the haemodynamic and metabolic maps of the liquid phantoms, as 

they are both composed of a single homogeneous medium.  

 

6.3 Results of the experiments on liquid phantoms 

Two exemplary sets of haemodynamic and metabolic maps reconstructed from the 

imaging experiments with the hNIR system on the two liquid phantoms (described 

in Sec. 6.1) are here reported, for both a deoxygenation condition (Deoxygenation 

1) and a re-oxygenation condition (Re-oxygenation 1). These two sets of results are 
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indicative for the rest of the haemodynamic and metabolic maps corresponding to 

the other equivalent experimental conditions (as described in Tab. 6.2).   

Firstly, the reconstructed haemodynamic and metabolic maps of the relative 

changes Δ[HbO2], Δ[HHb] and Δ[oxCCO] in the concentrations of HbO2, HHb and 

oxCCO in both tested liquid phantoms, during the first deoxygenation event (De-

oxygenation 1 or D1), are reported in Fig. 6.4.  

Figure 6.4: Haemodynamic and metabolic maps charting the relative changes Δ[HbO2], 

[HHb] and Δ[oxCCO] in the concentrations of HbO2 (first row), HHb (second 

row) and oxCCO (third row) for both Phantom 1 (first column), with only 

blood, and Phantom 2 (second column), composed of blood and yeast. The 

maps are reconstructed for the first deoxygenation event (Deoxygenation 1). 
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All the reconstructed maps with hNIR provide no spatial features to be resolved, as 

expected since both tested phantoms are composed of homogeneous liquid mix-

tures. Nonetheless, homogeneous responses to the deoxygenation event (where the 

DO level decreases to 7% and 0% for Phantom 1 and Phantom 2, respectively) en-

compassing the whole imaged FOVs emerge from the reconstructed maps. In par-

ticular, the haemodynamic maps of Δ[HbO2] and Δ[HHb] for both phantoms show 

the expected responses to the deoxygenation event, with an overall decrease in the 

relative concentration of HbO2 and an overall increase in the relative concentration 

of HHb. Conversely, only the metabolic map of Δ[oxCCO] for Phantom 2 presents 

a response corresponding to a decrease in the relative concentration of oxCCO, as 

expected, while no significant changes occur in the whole FOV of the metabolic 

map of Δ[oxCCO] for Phantom 1. This is consistent with the tested experimental 

conditions, since only Phantom 2 includes yeast, and thus CCO. 

Similar and parallel results across both phantoms are also obtained for the re-

constructed haemodynamic and metabolic maps during the first re-oxygenation 

event (Re-oxygenation 1 or R1), that follows the previously analysed condition. 

Fig. 6.5 shows the haemodynamic maps of Δ[HbO2] and Δ[HHb], as well as the 

metabolic map of Δ[oxCCO] for such experimental phase. All the maps for both 

tested phantoms present small and negligible changes in Δ[HbO2], Δ[HHb] and 

Δ[oxCCO] that involve the whole imaged FOVs. This is consistent with the ex-

pected return to baseline levels of the concentrations of all the three chromophores, 

due to an increase in the DO level back to about 100%. In particular for the meta-

bolic maps, Phantom 1 again does not report any change in Δ[oxCCO], as expected 

since the lack of yeast in the mixture. 

Spatial averages <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> of the relative 

changes in concentrations of HbO2, HHb and oxCCO are calculated from the hae-

modynamic and metabolic maps, to analyse and assess the measured responses from 

each phantom in all the experimental conditions. This is done by spatially averaging 

the concentration changes Δ[HbO2], Δ[HHb] and Δ[oxCCO] in every map across 

the whole FOV (due to the homogeneity of the phantoms), for each condition. Thus, 

average quantified values of the haemodynamic and metabolic responses of both 

phantoms in every experimental condition are obtained. These values are reported 



 

222        Chapter 6. Testing and validation of hNIR on liquid optical phantoms 

  

Figure 6.5: Haemodynamic and metabolic maps charting the relative changes Δ[HbO2], 

[HHb] and Δ[oxCCO] in the concentrations of HbO2 (first row), HHb (second 

row) and oxCCO (third row) for both Phantom 1 (first column), with only 

blood, and Phantom 2 (second column), composed of blood and yeast. The 

maps are reconstructed for the first re-oxygenation event (Re-oxygenation 1). 

 

in Fig. 6.6 against the corresponding DO level of each event (Fig. 6.6a for Phantom 

1 and Fig. 6.6b for Phantom 2). 

The spectroscopic analysis on the average changes in Δ[HbO2], Δ[HHb] and 

Δ[oxCCO] during each phase confirms and supports the previous findings emerged 

from the haemodynamic and metabolic maps of both phantoms: Fig. 6.6 shows 
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Figure 6.6: Spectroscopic analysis over the whole FOVs of the maps of the liquid phan-

toms imaged with hNIR, showing the temporal changes Δ[HbO2] (red), 

Δ[HHb] (blue) and Δ[oxCCO] (green) during all the phases of the experi-

ments. The results for Phantom 1, including only blood, are shown in graph 

(a), while graph (b) shows the results for Phantom 2, made of blood and yeast. 

  

that hNIR is able to detect and reconstruct the expected temporal trends of the 

changes in the concentration of HbO2 and HHb during all the series of deoxygena-

tion and re-oxygenation events, for both Phantom 1 and Phantom 2. During the 

deoxygenation events, where the DO level significantly drops compared to base-

line, decreases in <Δ[HbO2]> and increases in <Δ[HHb]> are estimated for both 

phantoms, while no changes occurs during the re-oxygenation events, when DO 

levels rise back to the baseline equivalents.  

Furthermore, Fig. 6.6a shows that, for Phantom 1, no metabolic response due 
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to changes in <Δ[oxCCO]> is reconstructed in any of the experimental phases, as 

the spatial averages of the relative changes in concentration of oxCCO are all neg-

ligible and close to zero. Contrariwise, metabolic responses of CCO to the deoxy-

genation events are measured for Phantom 2, as expected since the presence of yeast

in the mixture. As for the haemodynamic responses of HbO2 and HHb, the spatial 

averages <Δ[oxCCO]> in all the phases in Phantom 2 also follow the projected 

trends, with the concentration of CCO decreasing during deoxygenation and show-

ing negligible changes during re-oxygenation, due to return to baseline levels. 

For assessing the accuracy in quantifying the haemodynamic responses of 

HbO2 and HHb, expected real changes occurring in both liquid phantoms are esti-

mated based on the volume content of blood B in the phantoms (from Tab. 6.3), the 

DO level for the given event (from Tab. 6.2) and again assuming an average con-

centration of haemoglobin in blood equal to 150 g/L [16], [215]. These theoretical 

values for each experimental phase are reported in Tab. 6.4, where they are then 

compared with the corresponding reconstructed spatial averages <Δ[HbO2]> and 

<Δ[HHb]> from the data collected with hNIR (depicted in Fig. 6.6). 

  

Table 6.4: Comparison between the spatial average changes <Δ[HbO2]> and <Δ[HHb]> 

in the concentrations of HbO2 and HHb on the maps of the tested liquid phan-

toms reconstructed with hNIR and the corresponding theoretical values. 

Phase: 

Phantom 1 Phantom 2 

Theoret-

ical 
<Δ[HbO2]> <Δ[HHb]> 

Theo-

retical 
<Δ[HbO2]> <Δ[HHb]> 

D1 
±36.12 

μM 

-38.56± 

2.73 μM 

36.96± 

 1.75 μM 

±38.83 

μM 

-35.12± 

0.76 μM 

36.81± 

0.69 μM 

R1 0 μM 
1.87± 

0.09 μM 

-2.43± 

 0.11 μM 
0 μM 

0.42± 

0.31 μM 

-1.84± 

0.10 μM 

D2 
±36.12 

μM 

-35.65± 

1.35 μM 

36.32± 

 1.77μM 

±38.06 

μM 

-31.66± 

1.32 μM 

33.37± 

0.89 μM 

R2 0 μM 
0.74± 

0.06 μM 

-3.67± 

 0.91 μM 
0 μM 

1.41± 

0.07 μM 

-3.96± 

0.06 μM 

D3 
±34.95 

μM 

-33.87± 

1.43 μM 

33.76± 

 1.21 μM 

±38.45 

μM 

-32.91± 

0.95 μM 

34.26 ± 

0.62 μM 
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Tab. 6.4 shows that the reconstructed values of <Δ[HbO2]> and <Δ[HHb]> are 

comparable and close to the estimated real variations in the concentrations of HbO2 

and HHb: the error between the theoretical and the reconstructed changes ranges 

from 0.55% to 16.82% across all the experimental conditions.  

The above assessment of the accuracy of hNIR in quantifying the signals of 

HbO2 and HHb in the two tested liquid phantoms should only be considered an 

approximated evaluation and not a rigorous approach, since the theoretical values 

of the concentration changes Δ[HbO2] and Δ[HHb] were not directly measured dur-

ing the experiments, but only inferred from a combination of measured experi-

mental parameters and theoretical assumptions. 

A similar evaluation cannot be performed also for the accuracy in the quantifi-

cation of the metabolic response in Phantom 2, since no information is available 

regarding the concentration of oxCCO in the mixture and its corresponding changes 

during the various experimental phases.  

 

6.4 Discussion and conclusions 

The hNIR system was tested on two liquid optical phantoms, in order to evaluate 

its ability and performances in retrieving correct and accurate information about the 

relative changes in concentration of HbO2, HHb and oxCCO in a controlled envi-

ronment. The two phantoms were prepared using deionised water, Intralipid, PBS 

and blood to mimic the optical properties of biological tissues, such as brain tissue. 

The two phantoms were then imaged with hNIR using only the selected 8 NIR spec-

tral bands of the system, during a series of repeated deoxygenation and re-oxygen-

ation events. Oxygenation was implemented by bubbling O2 in the mixtures, while 

different mechanisms of deoxygenation were employed for each phantom: Phantom 

1 was deoxygenated via bubbling of N2, while yeast was added to Phantom 2 to 

consume oxygen aerobically via ETC and with the involvement of the redox of 

CCO. This allowed to compare the hyperspectral data between the two phantoms, 

since in Phantom 1 only the haemodynamic response of HbO2 and HHb occur, 

while in Phantom 2 also the metabolic response of CCO is present. 

Haemodynamic and metabolic maps of the relative changes Δ[HbO2], Δ[HHb] 
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and Δ[oxCCO] in the concentrations of HbO2, HHb and oxCCO were reconstructed 

for both tested liquid phantoms and for all the experimental conditions (3 phases of 

deoxygenation alternated by 2 phases of re-oxygenation). For this purpose, the MC 

HSI framework presented in Chapter 3 was used to simulate hyperspectral illumi-

nation and imaging in a meshed domain replicating portions of the two liquid phan-

toms, from which estimates were obtained for the spatial distributions of the aver-

age photon pathlengths travelled by the simulated detected photons. 

The results of the haemodynamic maps showed that hNIR is capable of cor-

rectly monitoring the relative changes in the concentration of HbO2 and HHb in 

both liquid phantoms, reproducing the expected haemodynamic responses across 

the whole imaged FOVs during both deoxygenation and re-oxygenation. Similarly, 

the results of the metabolic maps for Phantom 2 demonstrated that hNIR has also 

the ability to measure the predicted metabolic response of oxCCO from yeast during 

both deoxygenation and re-oxygenation. Conversely, no significant change in the 

concentration of oxCCO was detected by hNIR in Phantom 1 for all the experi-

mental phases: this is in accordance with the initial hypothesis, since Phantom 1 

does not have yeast and thus CCO is not present in its mixture. The abovementioned 

results from the haemodynamic and metabolic maps were confirmed afterwards by 

the spectroscopic analysis on the spatial averages <Δ[HbO2]>, <Δ[HHb]> and 

<Δ[oxCCO]> of the relative changes in concentrations of HbO2, HHb and oxCCO 

across the whole FOVs imaged by hNIR on both phantoms. 

The comparison of the results of hNIR between Phantom 1 (with only blood) 

and Phantom 2 (with blood and yeast) provides validation of the capability of the 

system to detect the optical signature of CCO and thus measure and quantify the 

relative changes Δ[oxCCO] in the concentration of its oxidative state. By taking 

Phantom 1 as reference for invariant [oxCCO], it can be confirmed that changes in 

the concentration of oxCCO detected in Phantom 2 are not due to crosstalk with 

haemoglobin, but truly originate from a metabolic response of yeast in the mixture. 

A preliminary evaluation of the accuracy of the hNIR system in quantifying the 

relative changes in the concentration of HbO2 and HHb was also performed from 

the reconstructed data obtained from imaging the two liquid phantoms. Estimates 

of the theoretical values of the real changes Δ[HbO2] and Δ[HHb] occurring in both 
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phantoms during deoxygenation and re-oxygenation were inferred from the meas-

ured parameters of the experiments, such as the volume contents of the two chro-

mophores in the mixtures. This evaluation showed that hNIR was able to accurately 

quantify the haemodynamic response in both phantoms, during all the experimental 

phases, with quantification errors below 17% for both HbO2 and HHb. 

   

6.4.1 Future directions 

The results of the testing of hNIR on liquid optical phantoms provided an assess-

ment of the basic behaviour and performances of the system on well-established 

controlled settings used commonly in NIRS and bNIRS. Nonetheless, homogene-

ous phantoms lack of any spatial and geometric feature that could be resolved by a 

wide-field imaging system, due to being used primarily in spectroscopy. Thus, the 

results on the liquid phantoms did not provide any evaluation of the imaging per-

formances of hNIR (although these were already characterised in Sec. 5.3).  

For the future, new designs of customised phantoms could be developed, im-

plementing rigid structures, such as 3D-printed channels and tubes filled with blood 

(to mimic vasculature), in order to introduce image contrast and offer a more real-

istic replica of the exposed cortex. For this purpose, blood could be pumped through 

the channels to recreate blood flow and oxygen perfusion. However, such configu-

ration, besides introducing a higher degree of complexity in the experiments, would 

make more difficult to use yeast to reproduce deoxygenation via redox of CCO. A 

potential solution would be to use semipermeable membranes allowing the ex-

change of oxygen between the channels containing blood and the surrounding so-

lution with yeast. This idea would require appropriate planning and testing of its 

feasibility, including the influence of these materials on the optical properties of the 

phantom. Another issue with the abovementioned design of a new semi-liquid op-

tical phantom would be scaling it down to the dimensions typical of brain tissue and 

cerebral vasculature in the exposed cortex of small animals (tens to hundreds of 

μm). Microfluidic phantoms could be potentially employed to achieve the above-

mentioned requirement [288], [289]. 

Calibration of the optical phantoms is another key aspect that can be improved 

in the future: although estimates of the theoretical changes in the concentrations of 
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HbO2 and HHb occurring in the tested liquid phantoms were derived for the exper-

iments with hNIR, no assessment on the accuracy in the quantification of the met-

abolic response was possible, due to lack of information on the real changes in the 

concentration of CCO in the phantoms. Furthermore, the possibility to directly 

measure all these values (either during or before the experimental procedures) in a 

precise, reliable and repeatable way would improve the validation process. These 

would require to chemically test the various components of the phantoms either 

before preparing them, although their properties may be altered during mixing of 

the various parts, or during the experimental procedures. However, performing this 

type of tests during the experiments, when the concentrations of the three main 

chromophores effectively vary, may be complicated and interfere with the hyper-

spectral data collection. Alternatively, simultaneously performing the experiments 

with hNIR and a second optical instrument, such as a bNIRS system, that has been 

previously validated could be used to compare and cross-validate the results be-

tween the two optical devices.  

 

6.4.2 Summary of the outcomes 

The testing and validation of the hNIR system on two liquid phantoms (one mim-

icking only changes in haemoglobin, whereas the other also replicating changes in 

CCO) have demonstrated that: 

▪ hNIR is capable of imaging and monitoring relative changes in the concen-

trations of HbO2, HHb and oxCCO in a controlled environment during mul-

tiple oxygenation and deoxygenation events, as well as of quantifying the 

haemodynamic reposes in the phantoms with less than 17% error; 

▪ hNIR can measure and resolve the optical signature of oxCCO from that of 

haemoglobin in a tissue-equivalent controlled environment. 



Chapter 7 
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In vivo HSI of the exposed cortex of 

mice using hNIR 

 
Following validation of the hNIR system on liquid optical phantoms and the assess-

ment of its basic performances for monitoring and quantifying relative changes in 

the concentrations of HbO2, HHb and oxCCO, the bespoke setup developed and 

presented in this thesis work is ultimately tested and investigated in vivo to measure 

the haemodynamic and metabolic states of the exposed cortex of mice.  

The in vivo application of hNIR to the exposed cerebral cortex is the ultimate 

goal of this thesis work: it is used to demonstrate the capability of the system to 

simultaneously measure the optical signatures of haemoglobin and CCO and to 

quantify haemodynamic and metabolic activity on the brain during various altered-

oxygenation events. The outcomes of the in vivo experiments described in this chap-

ter can be used as a proof of concept and demonstration of the suitability of hNIR, 

and of HSI in general, to resolve both haemoglobin and CCO changes in cerebral 

tissue, thus providing further corroborations to the physiological and physical basis 

of the use of bNIRS non-invasively on humans.  

The in vivo studies conducted with hNIR in this chapter focuses on imaging the 

exposed cortex of mice during oxygenation-related events, such as hyperoxia, hy-

poxia and anoxia. These physiological manipulations were chosen as they can pro-

duce significant changes in haemoglobin oxygenation and oxCCO, as demonstrated 

with the use of bNIRS instrumentation [6]. Experimental procedures similar to 

those described in Sec. 4.5.2 (and Appendix A) were conducted on three mice: in 

addition to this, some key factors and approaches to HSI investigated computation-

ally with the MC framework in Chapter 3 were also tested and implemented, i.e. 
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the use of both visible and NIR spectral bands and the application of the spatially-

selective, post-processing correction developed in Sec. 3.3.1. 

Image quality and accuracy in the quantification with the hNIR system are both 

assessed from the results of the in vivo studies, as well as the repeatability of the 

measured data across the cohort of three mice.  

 

7.1 In vivo procedure and data acquisition with hNIR 

The hNIR system described in Chapter 5 was used to perform in vivo HSI of the 

exposed cerebral cortex of three anesthetised healthy mice breathing a series of 

normoxic, hyperoxic and hypoxic gas mixtures of oxygen and nitrogen, until the 

death of all the animals (still under anaesthesia) during anoxia, at the end of the 

procedure. The different degrees of oxygenation to the brain tissue of the mice were 

established by manipulating the FiO2 of the subjects. The experimental protocol and 

its setting were similar to the ones used in Sec. 4.5.2 for the testing of the NKT 

Photonics demo. Two additional mice were also prepared and imaged but they died 

before the completion of their entire experimental procedures, thus the associated 

partial data were not taken into account for the results of this chapter. 

 

7.1.1 Animal preparation and hNIR setup

The three imaged mice (inbred strain C57bl/6 of average weight equal to 22.3 g) 

were anesthetised via 1.5-2 % isoflurane in room air and then place on homoeother-

mic electric heating mat for maintaining them at constant temperature (36.5-37 °C). 

The scalp of each mouse was then surgically removed and partial craniotomy was 

performed over the right hemisphere of the skull, creating an exposed cortex win-

dow of about 4-5 mm. The dura was moistened and cleaned with saline solution, 

before applying a circular glass coverslip over a ring of Vaseline, as to prevent 

evaporation during imaging and contamination of the exposed cortex from ambient 

air. Finally, the head of each mouse was affixed to a titanium bar using dental ce-

ment in order to immobilise it and prevent movement artefacts in the images. An-

aesthesia was maintained for the entire experimental procedure until the death of 

the animals for anoxia. An example of the surgical cranial window exposing the 

cerebral cortex of one of the mice is depicted in Fig. 7.1a. Each mouse prepared this 
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way was then positioned underneath the reflective objective of the imaging side of 

the hNIR system, as shown in Fig. 7.1b and Fig. 7.1c.  

Figure 7.1: a) Microscope picture of the exposed cortex window in one of the three imaged 

mice; b) Position of one of the imaged mice in the hNIR setup, showing also 

light illumination on the exposed cortex; c) Close-up on the same mouse. 

 

7.1.2 Experimental procedure and data collection with hNIR

The experimental imaging procedure performed on each mouse consisted of the 

following series of consecutive oxygen-dependent phases: normoxic baseline (FiO2 

= 21%); hyperoxia (FiO2 = 93%); normoxia (FiO2 = 21%); hypoxia (FiO2 = 10%); 

normoxia (FiO2 = 21%); anoxia followed by death of the animal (FiO2 = 0%). For 

each experimental phase, hNIR was run for all its 11 characteristics spectral bands 

(600, 630, 665, 784, 800, 818, 835, 851, 868, 881 and 894 nm). A diagram of the 
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full experimental protocol with all the experimental phases and their corresponding 

durations is shown in Fig. 7.2. 

Figure 7.2: Diagram of the six oxygen-dependent phases (baseline, hyperoxia, first return 

to normoxia, hypoxia, second return to normoxia and anoxia) composing the 

experimental protocol used with hNIR on the in vivo exposed cortex of mice. 

 

During the initial normoxic baseline, 40 hypercubes were collected for a total 

acquisition time of 2 minutes. Subsequently, for each of the following phases, 100 

hypercubes were then acquired for 5 minutes. In addition to these, a dark reference 

hypercube was acquired for each mouse, by running the hyperspectral camera with 

its lens covered. The average integration time of the hNIR setup for each spectral 

frame and each mouse was approximately 150 ms.  

The focal distance between the reflective objective of hNIR and the animals 

was adjusted according to each imaged mouse, due to inevitable differences in the 

positioning of each animal and also in their inter-subject variability (size, position 

of the exposed cortex window, shape of the head and other factors). 

  

7.2 Processing of the in vivo data with hNIR 

Processing and analysis of the hyperspectral data acquired in vivo with the hNIR 

system on the exposed cerebral cortex of the three mice were performed according 

to the methodology described in Sec. 5.4.2 and similar to the approach used for the 

testing on liquid optical phantoms in Sec. 6.2.2. 

 

7.2.1 Pre-processing and quantitative maps reconstruction

The steps of the pre-processing procedure on the raw hyperspectral data acquired 

on the in vivo exposed cortex are the following: (1) correction of the raw hypercubes 

by subtracting the dark reference hypercube; (2) speckle noise filtering of the cor-

rected hypercubes; (3) time averaging of the corrected and filtered hypercubes in 
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each condition (normoxic baseline and the five consecutive oxygen-dependent 

phases). In particular, time averaging was performed on all the 40 hypercubes of 

the normoxic baseline over the entire integration time of 2 minutes to obtain a single 

time-averaged baseline hypercube. For the 100 hypercubes of each oxygen-depend-

ent condition, time averaging was performed for every 10 hypercubes in the 5-mi-

nute acquisition time interval, obtaining 10 averaged hypercubes per each imaged 

condition: each averaged hypercube corresponds to a time window of 0.5 minutes 

(30 seconds) of hyperspectral recording on the exposed cortex. 

Finally, haemodynamic and metabolic maps of the relative changes Δ[HbO2], 

Δ[HHb] and Δ[oxCCO] in the concentrations of HbO2, HHb and oxCCO on the 

exposed brain cortex of each mouse are obtained, for each time-averaged window 

of all the experimental phases in the study. The reconstruction of the maps was 

conducted via MBLL approach using (5.3) and (5.4). The MC HSI framework de-

scribed in Chapter 3 was coupled with the data from hNIR to simulate and estimate 

the spatial distribution maps of the average total photon pathlength PL (λ) used in 

(5.4), as well as the spatial distribution maps of the average partial pathlengths in 

each medium (vasculature and grey matter) used in the post-processing correction.  

 

7.2.2 Integration of the MC framework with hNIR

The MC HSI framework developed and described in Chapter 3 was fully imple-

mented and coupled with the hNIR system for the in vivo studies on mice. The 

process of creating a meshed domain simulating brain HSI from in vivo images of 

the exposed cortex was performed, as explained in Sec. 3.1.2.  

Single greyscale images of the FOV of the exposed cerebral cortex of each 

mouse, taken with the imaging side of hNIR under broadband illumination (Ocean 

Optics HL-2000-FHSA), were used as the basis for the creation of the simulated 

domains, due to the high contrast provided by the short-wavelength visible and NIR 

light. An example of these images is depicted in Fig. 7.3a. From the greyscale im-

ages, a meshed domain recreating the FOV of each mouse was created, to replicate 

the geometry and optical properties of the imaged portions of exposed cortex with 

hNIR. The meshed domain was composed of two media: (1) vasculature and (2) 

surrounding grey matter tissue. The geometry and size of the domains were the 
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same used in Sec. 3.1.2, while the optical properties of the simulated domains were 

based on (3.1)-(3.5). A 2D source, with dimensions equal to 0.6x0.6 mm and cen-

tred on the slab, was then added to the meshed domain at a distance of 0.5 mm from 

it (with the creation of a mesh made of air in between the source and the slab), in 

order to homogeneously illuminate the desired portion of replicated brain tissue. 

Similarly, a 1.1x0.9-mm 2D detector was placed at the top surface of the meshed 

slab, coincident with the illumination field from the source, i.e. the same size of the 

real FOV achieved with hNIR. An example of one of the FOVs simulated with the 

MC HSI framework from in vivo data is depicted in Fig. 7.3b. 

Figure 7.3: a) Example of greyscale image of one of the mice, used to create the meshed 

domain with the MC HSI framework; b) Corresponding simulated FOV of 

1.1x0.9 mm on the meshed domain, used to estimate the photon pathlengths. 

 

For each of the three simulated domains of the exposed cortex, the MC frame-

work was run several times to simulate photon transport and detection of five hun-

dred million (5e8) photon packets launched from the planar source. This was done 

for each of the 11 spectral bands of hNIR and for the four main types of experi-

mental condition, i.e. baseline/normoxia, hyperoxia, hypoxia and anoxia. Each sim-

ulation of light transport in the meshed domains of the exposed cortex, at 11 spectral 

bands (per condition), took approximately 30 hours and 57 minutes to be completed. 

The simulated compositions of the two media (vasculature and grey matter) of 

each meshed domain of the exposed cerebral cortex, for all the different experi-

mental phases, are reported in Tab. 7.1 [16], [287], which were then used for the 

calculation of the optical properties from (3.3), (3.4) and (3.5).  
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Table 7.1: Different compositions of the meshed domains of the exposed cortex of the 

imaged mice used in the MC simulations, for both media (vessels and grey 

matter) and for the four main experimental phases [6], [16]. 

Medium 

composition 

 Normoxia Hyperoxia Hypoxia Anoxia 

Grey 

matter 

Ves-

sels 

Grey 

matter 

Ves-

sels 

Grey 

matter 

Ves-

sels 

Grey 

matter 

Ves-

sels 

W (%) 70 50 70 50 70 50 70 50 

F (%) 10 1 10 1 10 1 10 1 

[Hb] (µM) 2325.6 2325.6 2325.6 2325.6 3023.3 3023.3 3023.3 3023.3 

B (%) 3.75 100 3.75 100 3.75 100 3.75 100 

S (%) 85 85 98 100 50 50 0 0 

[oxCCO] 

(µM) 
4 0 5 0 1 0 0 0 

[redCCO] 

(µM) 
1 0 0 0 4 0 5 0 

Note: an average concentration of haemoglobin in blood equal to 150 g/L is considered [16] [216]. 

 

Some of the data in Tab. 7.1 were derived from measured parameters in the exper-

iments, i.e. the FiO2 for the derivation of the oxygen saturation S. Others were as-

sumed from literature, primarily reference data from S. L. Jacques [16], such as the 

volume contents W, F and B of water, fat and blood. An average concentration of 

haemoglobin in blood equal to 150 g/L [16], [215], as well as a total concentration 

of CCO equal to 5 μM [6], [219], were assumed in the exposed cortex of the mice.  

For the hyperoxic phase, an oxygen saturation increase ΔS of about +13-15% 

was assumed in both media, as to reach full tissue saturation (S equal to 100% and 

98% for vasculature and grey matter, respectively) [50], [290]. For the metabolic 

response, it was assumed that oxCCO becomes fully oxidised during hyperoxia, 

with an increase in the concentration of oxCCO to 5 μM [120]. For the hypoxic 

phase, an oxygen saturation drop ΔS of -35% was simulated in both media, com-

pared to the baseline [216], [217]. Simultaneously, an increase of +30% in the total 

concentration [Hb] of haemoglobin in both media was also simulated, as to replicate 

an overall increase in CBV during hypoxia [218]. For the metabolic response, it 

was assumed that the relative concentration change Δ[oxCCO] of oxCCO in the 

grey matter was equal to -3 µM [219], [220]. Finally, for the anoxic phase, oxygen 

saturation was assumed to drop to 0%, corresponding to a ΔS of -85% compared to 
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baseline [50], while an increase of +30% in the total concentration [Hb] of haemo-

globin in both media was again replicated, to simulate an initial increase in CBV 

during anoxia before the death of the mice [218]. For the metabolic response, it was 

assumed that oxCCO becomes fully reduced during anoxic death, with a decrease 

in the concentration of oxCCO to 0 μM [6]. 

From the results of the simulations with the MC HSI framework, three maps of 

the spatial distributions of the photon pathlengths PL (λ) on the FOVs of the exposed 

cortex were reconstructed, as described in Sec. 3.1.2: (1) the map of the average 

total pathlengths of the detected photons in the whole domain; (2) the map of the 

average partial pathlengths in the vasculature medium; and (3) the map of the aver-

age partial pathlengths in the grey matter medium. For this purpose, the 2D detector 

was divided in 2560x2160 pixels (6.5-µm pixel size), equal to the size of the spec-

tral images acquired with hNIR. Examples of the three simulated maps of the total 

and partial photon pathlengths for one of the mice, at 835 nm, are shown in Fig. 7.4.  

Figure 7.4: a) Average total photon pathlength map, at 835 nm; b) Average photon partial 

pathlength map in the vessels, at 835 nm; c) Average photon partial pathlength 

map in the grey matter, at 835 nm. The maps were simulated using the MC 

framework that replicated the FOV of hNIR over the exposed cortex of mice. 
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The maps of the average total pathlengths (averaged also between the baseline and 

the given condition) were then used, for each spectral band, to reconstruct the hae-

modynamic and metabolic maps in (5.4), while the maps of the average partial path-

lengths (also averaged between the baseline and the given condition) were used for 

the post-processing correction in (3.10). 

 

7.2.3 Post-processing analysis and corrections

Haemodynamic and metabolic maps were reconstructed from (5.4) for: (1) all the 

11 spectral bands (NIR and visible light) of hNIR; and (2) only for the 8 NIR spec-

tral bands. This was done to compare the results with and without the addition of 

the data acquired using also the 3 visible wavelength bands (600, 630, 665 nm). 

Afterwards, the spatially-selective, post-processing correction, developed in 

Sec. 3.3.1 and based on (3.10)-(3.12), was also applied to the haemodynamic and 

metabolic maps of each time window of all the experimental conditions, in order to 

enhance image contrast and accuracy in the quantification of the relative changes 

Δ[HbO2], Δ[HHb] and Δ[oxCCO] in the concentrations of HbO2, HHb and oxCCO 

(as demonstrated in Chapter 3 with the MC HSI framework). The post-processing 

correction was performed only on the set of haemodynamic and metabolic maps for 

all the 11 spectral bands (both visible and NIR light).  

Additional haemodynamic parameters were then calculated from the recon-

structed maps of Δ[HbO2] and Δ[HHb], at all the 11 spectral bands (NIR and visible 

light) of the hNIR system and for each experimental phase. In particular, maps of 

the relative changes Δ[HbT] in the concentration of HbT were reconstructed from 

the pixel-wise sum of Δ[HbO2] and Δ[HHb], as described in Sec. 2.5.3. Thus, 

∆[HbT] = ∆[HbO2] + ∆[HHb] . 

Similarly, maps of the differences between Δ[HbO2] and Δ[HHb] (for each pixel) 

were also reconstructed for each experimental phase from the haemodynamic maps, 

in order to obtain the relative changes Δ[HbDiff] in the concentration of a cerebral 

parameter called haemoglobin difference (HbDiff), as 

∆[HbDiff] = ∆[HbO2] − ∆[HHb] . 

(7.1) 

(7.2) 
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As mentioned in Sec. 2.5.3, HbT is an index of CBV, thus mapping Δ[HbT] 

provides information about the relative changes in brain tissue blood volume on the 

imaged exposed cortex throughout the whole experimental procedure. Differently, 

HbDiff represents an index of oxygen delivery to tissues, since it accounts only for 

changes in concentration of HbO2 that are due to changes in saturation [291], [292]. 

Therefore, mapping Δ[HbDiff] enables to retrieve information on oxygenation and 

perfusion on the imaged exposed cortex during the various experimental phases. 

 Spectroscopic analysis was then conducted on different ROIs of all the haemo-

dynamic and metabolic maps of the exposed cortexes of the three mice, including 

vasculature, surrounding tissue or both, as well as on the maps of HbT and HbDiff. 

The spectroscopic analysis for each condition was accomplished by spatially aver-

aging the relative changes Δ[HbO2]k,l, Δ[HHb]k,l and Δ[oxCCO]k,l in the concentra-

tions of HbO2, HHb and oxCCO across all the pixels k, l of the selected ROIs in the 

maps (according to the considered spectral range). The temporal average variations 

<Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> in the concentrations of HbO2, HHb and 

oxCCO for the ROIs were then obtained this way, during each time window of the 

experiments. The spectroscopic analysis was applied on the uncorrected maps for 

both analysed spectral ranges (11 and 8 spectral bands) and also on the corrected 

maps at 11 bands. The same procedure was performed to calculate also the temporal 

trends of the spatial averages <Δ[HbT]> and <Δ[HbDiff]> of the changes in con-

centrations of HbT and HbDiff, from their corresponding maps. 

 Finally, a medium-wise spectroscopic analysis was conducted across all the 

three mice in order to compare the variability of the results between the animals. 

Using the binary masks generated during the creation of the meshed domain with 

the MC HSI framework, that differentiate the FOVs of the exposed cortex between 

main vasculature and surrounding brain tissue, temporal average variations of 

<Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> were calculated by spatially averaging 

the relative changes Δ[HbO2]k,l, Δ[HHb]k,l and Δ[oxCCO]k,l in the concentrations of 

HbO2, HHb and oxCCO across all the pixels k, l belonging to each medium, during 

each time window of the experiments. These sets of temporal trends, each having 

one curve for the vasculature and one for the surrounding tissue, were then plotted 

for all the three mice, to compare the general variations of <Δ[HbO2]>, <Δ[HHb]> 
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and <Δ[oxCCO]> in the vessels and in the grey matter, for the whole study. Key 

parameters were extracted from these trends, such as maximum peak responses and 

peak times for each mouse, and then compared among them. Overall mean values 

of the peak changes in <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> averaged between 

all the three mice are lastly reported, for the major experimental phases. 

 

7.3 Results of the in vivo experiments with hNIR 

The results of the in vivo HSI experiments on the exposed cortex of three mice with 

the hNIR system are here reported, divided in the following sections: (1) analysis 

of the reconstructed haemodynamic and metabolic maps, for both spectral ranges 

(11 visible and NIR spectral  bands, as well as only for 8 NIR wavelength bands), 

before post-processing correction; (2) analysis of the reconstructed haemodynamic 

and metabolic maps after post-processing correction, for all the 11 spectral bands; 

(3) analysis of the reconstructed maps of Δ[HbT] and Δ[HbDiff], for all the 11 

spectral bands;  (4) spectroscopic analysis on multiple different ROIs of the FOV 

of the exposed cortex of the mice; and (5) medium-wise spectroscopic analysis 

across the three mice for the vasculature and the grey matter, respectively. 

 

7.3.1 Reconstruction of the haemodynamic and metabolic maps

The reconstructed haemodynamic and metabolic maps of the relative changes 

Δ[HbO2], Δ[HHb] and Δ[oxCCO] in the concentrations of HbO2, HHb and oxCCO 

for one of the mice are reported in Fig. 7.5 to Fig. 7.9 (for each experimental phase), 

from the data obtained with hNIR at all the 11 spectral bands (both visible and NIR 

light). The maps in the figures are not depicted for all the 10 time windows of each 

condition, but only for four of them evenly spaced in the 5-minutes acquisition time 

of every experimental phase: (1) from 0 to 30 s; (2) from 90 to 120 s; (3) from 180 

to 210 s; and (4) from 270 to 300 s. This was done in order to summarise and show 

the dynamic changes in the concentrations of the three targeted chromophores 

throughout the whole experiment. The full sets of maps at 11 spectral bands in all 

the time windows of all the conditions are reported in their entirety in the attached 

the multimedia material (see Appendix C for reference).
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Figure 7.5: Maps of the relative changes in concentration of HbO2 (top row), HHb (middle row) and oxCCO (bottom row) on the exposed cortex of a 

mouse from normoxia to hyperoxia. The data acquired with hNIR are reconstructed for 11 spectral bands (both visible and NIR light).  
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Figure 7.6: Maps of the relative changes in concentration of HbO2 (top row), HHb (middle row) and oxCCO (bottom row) on the exposed cortex of a 

mouse from hyperoxia to normoxia. The data acquired with hNIR are reconstructed for 11 spectral bands (both visible and NIR light).  
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Figure 7.7: Maps of the relative changes in concentration of HbO2 (top row), HHb (middle row) and oxCCO (bottom row) on the exposed cortex of a 

mouse from normoxia to hypoxia. The data acquired with hNIR are reconstructed for 11 spectral bands (both visible and NIR light).  
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Figure 7.8: Maps of the relative changes in concentration of HbO2 (top row), HHb (middle row) and oxCCO (bottom row) on the exposed cortex of a 

mouse from hypoxia to normoxia. The data acquired with hNIR are reconstructed for 11 spectral bands (both visible and NIR light).  
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Figure 7.9: Maps of the relative changes in concentration of HbO2 (top row), HHb (middle row) and oxCCO (bottom row) on the exposed cortex of a 

mouse from normoxia to anoxia. The data acquired with hNIR are reconstructed for 11 spectral bands (both visible and NIR light). 
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The haemodynamic maps of HbO2 and HHb at 11 spectral bands of hNIR pre-

sent high spatial resolution and image contrast, across all the experimental condi-

tions, allowing the visualisation of both major and minor vasculature (about 100 

μm and 20 μm in diameter, respectively), compared to the greyscale image of the 

FOV in Fig. 7.3a. The large haemodynamic responses of HbO2 and HHb in the 

vasculature are correctly localised and reproduce the expected temporal trends for 

the corresponding experimental phases: (1) an increase in Δ[HbO2] and a decreases 

in Δ[HHb] during hyperoxia; (2)  reduction in Δ[HbO2] and an increment in Δ[HHb] 

during hypoxia and anoxia; (3) a return to near-baseline values (Δ[HbO2] and 

Δ[HHb] close to zero) during normoxia. Smaller haemodynamic responses in the 

surrounding grey matter are also reconstructed, consistent with the changes in oxy-

gen saturation of the extravascular cerebral tissue. These responses appear generally 

homogeneous across the extravascular tissue, with few cases of localised areas of 

changes during specific phases. The most prominent of these cases occurs in the 

last time windows of anoxia, where smaller changes in Δ[HbO2] are reported around 

the main vasculature, compared to the rest of the grey matter. This could be due to 

the gradual depletion of oxygen after the anoxic death of the mouse, starting from 

the vessels and then spreading to the rest of the surrounding tissue.  

The dynamics of the changes in the concentration of HbO2 and HHb during the 

various experimental phases is also successfully captured with the hNIR system, 

providing suitable temporal resolution for all the physiological processes involved. 

The phases of return to normoxia after hyperoxia and hypoxia still present remnants 

of the haemodynamic responses, with non-null values of Δ[HbO2] and Δ[HHb] and 

some contrast between vasculature and surrounding tissue in the maps: this phe-

nomenon could have physiological causes, as brain oxygenation may require more 

than 5 minutes to completely return to baseline levels, especially after hypoxia. 

The metabolic maps of oxCCO present lower spatial resolution and image con-

trast than the haemodynamic maps: major vasculature is primary resolved during 

all the experimental phases, with the minor vessels becoming visible only during 

the last phases of anoxic death. Nonetheless, localisation of the metabolic response 

correlated to the changes in the concentration of oxCCO is correctly achieved in the 

extravascular cerebral tissue throughout the whole experiment, although spurious 
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measured changes Δ[oxCCO] were reconstructed also in the main vasculature 

(where CCO should be absent). Generally, the metabolic maps show the expected 

temporal trends of the metabolic response during all the conditions: (1) increase in 

Δ[oxCCO] during hyperoxia; (2) decrease in Δ[oxCCO] during hypoxia and an-

oxia; (3) return to quasi-null values of Δ[oxCCO] during the normoxic events. 

The previous results are then compared to similar and corresponding haemody-

namic and metabolic maps that are reconstructed only for the 8 NIR spectral bands 

of hNIR (without the inclusion of visible light). These maps are depicted in Fig. 

7.10 to Fig. 7.14 for the same time windows used in the previous set of results at 11 

spectral bands. Again, the full sets of maps at 8 NIR spectral bands in all the time 

windows of all the conditions are reported in their entirety in the attached multime-

dia material (see Appendix C for reference). 

From Fig. 7.10 to Fig. 7.14 it emerges that image quality of the haemodynamic 

and metabolic maps reconstructed for 8 NIR spectral bands is qualitatively inferior 

to that of the maps reconstructed with both visible and NIR spectral data at 11 

bands. Spatial resolution and image contrast of the haemodynamic maps at 8 NIR 

bands only allow visualisation of the major vasculature, with some of the smaller 

vessels appearing fully resolved only in specific time windows (such as during an-

oxic death, when contrast is the highest). Significantly lower image quality is also 

reported for the metabolic maps, which compromises the full differentiation be-

tween vasculature and surrounding brain tissue. In general, a higher presence of 

noise is reported and is visible in all the maps across the whole imaged FOV and 

for all the experimental phases, compared to the maps in Fig. 7.5 to Fig. 7.9. How-

ever, despite a general poorer image quality, the haemodynamic maps still report 

correct temporal trends in the changes in the concentrations HbO2 and HHb in both 

vasculature and surrounding tissue, that are comparable to the haemodynamic re-

sponses obtained at 11 spectral bands. Likewise, the metabolic maps at 8 NIR spec-

tral bands show a correct quantification of the changes in the concentration of ox-

CCO during all the experimental phases, although spurious changes Δ[oxCCO] are 

still reported in areas of the FOV belonging to the vasculature.  

A more exhaustive and in-depth comparison between the reconstructed results 

at 11 bands (with both visible and NIR light) and those at 8 NIR bands is conducted
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Figure 7.10: Maps of the relative changes in concentration of HbO2 (top row), HHb (middle row) and oxCCO (bottom row) on the exposed cortex of 

a mouse from normoxia to hyperoxia. The data acquired with hNIR are reconstructed only for the 8 NIR spectral bands. 
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Figure 7.11: Maps of the relative changes in concentration of HbO2 (top row), HHb (middle row) and oxCCO (bottom row) on the exposed cortex of 

a mouse from hyperoxia to normoxia. The data acquired with hNIR are reconstructed only for the 8 NIR spectral bands. 
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Figure 7.12: Maps of the relative changes in concentration of HbO2 (top row), HHb (middle row) and oxCCO (bottom row) on the exposed cortex of 

a mouse from normoxia to hypoxia. The data acquired with hNIR are reconstructed only for the 8 NIR spectral bands. 
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Figure 7.13: Maps of the relative changes in concentration of HbO2 (top row), HHb (middle row) and oxCCO (bottom row) on the exposed cortex of 

a mouse from hypoxia to normoxia. The data acquired with hNIR are reconstructed only for the 8 NIR spectral bands. 
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Figure 7.14: Maps of the relative changes in concentration of HbO2 (top row), HHb (middle row) and oxCCO (bottom row) on the exposed cortex of 

a mouse from normoxia to anoxia. The data acquired with hNIR are reconstructed only for the 8 NIR spectral bands. 
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later when performing the spectroscopic analysis in specific ROIs of the FOV, as 

presented in Sec. 7.3.4. 

 

7.3.2 Post-processing correction of the reconstructed map

The spatially-selective, post-processing correction described in Sec. 7.2.3 is then 

applied to the first full set of haemodynamic and metabolic maps presented in the 

previous section, that were reconstructed at the full spectral range of 11 bands with 

hNIR (including both visible and NIR light). Two sets of maps of the correction 

factors 𝐶𝐹′𝑘,𝑙 and 𝐶𝐹′′𝑘,𝑙 (for each pixel k, l of the FOV on the exposed cortex) are 

obtained for each experimental phase of the studies. Fig. 7.15 depicts an example 

of the two correction maps (for all the 11 spectral bands of hNIR) that corresponds 

to the FOV on the exposed cortex of one the mice, for the simulated data obtained 

with the MC HSI framework between baseline and hyperoxia (as described in Sec. 

7.2.2 and 7.2.3). The correction maps are consistent with the similar results obtained 

during the computational investigations in Chapter 3, in particular showing almost 

unitary values of the correction factors 𝐶𝐹′′𝑘,𝑙 for the extravascular brain tissue, as 

expected from the simulated photon pathlengths in Fig. 7.4.  

Figure 7.15: a) Map of the correction factors 𝐶𝐹′𝑘,𝑙 obtained from the mean ratios between 

the average total pathlengths of the detected photons and the average partial 

pathlengths of the same photons in the vasculature, across all the wavelengths 

and between the simulated baseline and hyperoxia; b) Map of the correction 

factors 𝐶𝐹′′𝑘,𝑙 obtained from the mean ratios between the average total path-

lengths of the detected photons and the average partial pathlengths of the 

same photons in the grey matter, across all the wavelengths and between the 

simulated baseline and hyperoxia. The maps are reconstructed from the da-

taset at all the 11 spectral bands of hNIR (both visible and NIR light). 
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The corrected haemodynamic and metabolic maps of the relative changes 

Δ[HbO2], Δ[HHb] and Δ[oxCCO] in the concentrations of HbO2, HHb and oxCCO, 

for the same mouse as in Sec. 7.3.1, are reported in Fig. 7.16 to Fig. 7.20, for the 

data obtained with 11 spectral bands of hNIR, including both visible and NIR light. 

Again, the corrected maps for the mouse are presented only for the same specific 

time windows in the experiment used for the analysis of the uncorrected data in Sec. 

7.3.1. The full sets of all corrected maps in all the time windows of all the conditions 

are showed in their entirety in the attached multimedia material (see Appendix C 

for reference). 

The spatially-selective, post-processing correction developed in Chapter 3 is 

shown to greatly enhance image contrast between the vasculature and the surround-

ing brain tissue in the corrected haemodynamic maps of HbO2 and HHb, by miti-

gating the underestimation of the relative changes in concentration Δ[HbO2] and 

Δ[HHb] in the vessels (as demonstrated in Sec. 3.3.1). Both major and minor vas-

culature are fully resolved in all the maps, during the peaks of the haemodynamic 

responses in each experimental phase. However, a minor side effect of the post-

processing correction involves a small enhancement of the residual contrast be-

tween vasculature and surrounding tissue during the return to normoxia.  

Contrariwise, the effect of the post-processing correction on the extravascular 

tissue regions and on the whole metabolic map of oxCCO is limited, as visible from 

the comparison with the previous uncorrected maps. This is due to the similarity 

between the average total photon pathlengths and the average partial photon path-

lengths in the grey matter tissue (as shown in the example in Fig. 7.4).  

Further insight on the effect of the post-processing correction on the accuracy 

of the quantification of the haemodynamic and metabolic responses of the exposed 

cortex with hNIR is provided by the spectroscopy analysis in Sec. 7.3.4. 

   

7.3.3 Reconstruction of the maps of HbT and HbDiff

From the reconstructed haemodynamic maps of the relative changes Δ[HbO2] and 

Δ[HHb] in the concentrations of HbO2 and HHb, reported in Sec. 7.3.1 at all the 11 

bands of hNIR, corresponding maps of the relative changes Δ[HbT] and Δ[HbDiff] 

in the concentrations of HbT and HbDiff are reconstructed, from (7.1) and (7.2). 
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Figure 7.16: Corrected maps of the relative changes in concentration of HbO2 (top row), HHb (middle row) and oxCCO (bottom row) on the exposed 

cortex of a mouse from normoxia to hyperoxia. The data acquired with hNIR are reconstructed 11 spectral bands (visible and NIR light). 
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Figure 7.17: Corrected maps of the relative changes in concentration of HbO2 (top row), HHb (middle row) and oxCCO (bottom row) on the exposed 

cortex of a mouse from hyperoxia to normoxia. The data acquired with hNIR are reconstructed 11 spectral bands (visible and NIR light). 
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Figure 7.18: Corrected maps of the relative changes in concentration of HbO2 (top row), HHb (middle row) and oxCCO (bottom row) on the exposed 

cortex of a mouse from normoxia to hypoxia. The data acquired with hNIR are reconstructed 11 spectral bands (visible and NIR light).
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Figure 7.19: Corrected maps of the relative changes in concentration of HbO2 (top row), HHb (middle row) and oxCCO (bottom row) on the exposed 

cortex of a mouse from hypoxia to normoxia. The data acquired with hNIR are reconstructed 11 spectral bands (visible and NIR light). 
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Figure 7.20: Corrected maps of the relative changes in concentration of HbO2 (top row), HHb (middle row) and oxCCO (bottom row) on the exposed 

cortex of a mouse from normoxia to anoxia. The data acquired with hNIR are reconstructed 11 spectral bands (visible and NIR light). 
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These maps of Δ[HbT] and Δ[HbDiff] for the same mouse and all the experimental 

phases in the study are depicted in Fig. 7.21 to Fig. 7.25. The same time windows 

used in all the previous sets of results are again presented. The full sets of maps of 

HbT and HbDiff for the same mouse in all the time windows of all the conditions 

are reported in their entirety in the attached multimedia material (see Appendix C 

for reference). 

Both reconstructed maps of Δ[HbT] and Δ[HbDiff] show similar image quality 

to the corresponding haemodynamic maps of HbO2 and HHb obtained at the 11 

spectral bands of hNIR before correction (in Fig. 7.5 to Fig. 7.9). In particular, they 

share comparable spatial resolution, as to visualise and differentiate both major and 

minor vasculature. Nonetheless, the map of Δ[HbDiff] reports a higher image con-

trast between vasculature and extravascular brain tissue than the map of Δ[HbT]. 

The temporal and spatial dynamics of the haemodynamic responses associated 

with HbT and HbDiff are both captured with the corresponding maps reconstructed 

with hNIR, providing information about CBV and oxygen deliver in the exposed 

cortex, respectively. HbDiff displays a similar response to HbO2, as expected since 

it tracks the distribution of oxygen in the cerebral tissue: during hyperoxia, 

Δ[HbDiff] increases due to enhanced supply of O2 to the mouse, whereas it drops 

significantly during both hypoxia and anoxia as oxygen intake is reduced. Return 

to baseline levels (around zero) are also estimated for the maps of HbDiff during 

the two normoxic phases. Furthermore, the changes in the concentration of HbDiff 

appear homogeneous across the whole FOV, besides the expected differences be-

tween vascular and extravascular tissue, with larger variations in Δ[HbDiff] in the 

vessels compared to the surrounding grey matter. This suggest an even distribution 

of oxygen across the imaged exposed cortex during all the experimental phases.  

Oppositely, the response of Δ[HbT], associated with changes in CBV, presents 

higher complexity and variability through both time and space. A rapid surge in the 

concentration of HbT is estimated at the early stages of the hyperoxic phase, which 

then becomes smaller and closer to baseline levels during the rest of the condition. 

The latter phenomenon is expected as CBV should not change significantly during 

hyperoxia, while the early behaviour of Δ[HbT] could be due to a brief increment 

in CBV in the cortex as the oxygen supply increase to match a higher metabolic   
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Figure 7.21: Maps of the relative changes in concentration of HbT (top row) and HbDiff (bottom row) on the exposed cortex of a mouse from normoxia 

to hyperoxia. The data acquired with hNIR are reconstructed for 11 spectral bands (both visible and NIR light).
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Figure 7.22: Maps of the relative changes in concentration of HbT (top row) and HbDiff (bottom row) on the exposed cortex of a mouse from 

hyperoxia to normoxia. The data acquired with hNIR are reconstructed for 11 spectral bands (both visible and NIR light).
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Figure 7.23: Maps of the relative changes in concentration of HbT (top row) and HbDiff (bottom row) on the exposed cortex of a mouse from normoxia 

to hypoxia. The data acquired with hNIR are reconstructed for 11 spectral bands (both visible and NIR light).



 
 

7
.3

 R
es

u
lt

s 
o

f 
th

e 
in

 v
iv

o
 e

xp
er

im
en

ts
 w

it
h

 h
N

IR
  

  
  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

2
6
3
  

 

 

 

 

Figure 7.24: Maps of the relative changes in concentration of HbT (top row) and HbDiff (bottom row) on the exposed cortex of a mouse from hypoxia 

to normoxia. The data acquired with hNIR are reconstructed for 11 spectral bands (both visible and NIR light).
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Figure 7.25: Maps of the relative changes in concentration of HbT (top row) and HbDiff (bottom row) on the exposed cortex of a mouse from normoxia 

to anoxia. The data acquired with hNIR are reconstructed for 11 spectral bands (both visible and NIR light).
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demand. Similarly, also the responses of HbT during hypoxia and anoxia present a 

biphasic evolution in time, with an initial stage of increase in Δ[HbT], particularly 

in the major vasculature, followed by a significant decrease as the lack of oxygen 

is protracted in time. This is consistent with the expected variation in CBV during 

reduced supply of O2, as brain autoregulation attempts to perfuse more blood to the 

cortical tissue to support the metabolism. Regarding the spatial variations in CBV 

across the whole imaged FOV, the maps of Δ[HbT] report the expected differences 

in magnitude of the concentrations of HbT between the vessels and the surrounding 

tissue, due to the different quantities of haemoglobin in the two regions, as well as 

regional differences in the haemodynamic response to anoxia. For this last phase, 

an increase in CBV is estimated in the regions of gray matter close to the major 

vasculature, compared to a decrease in CBV in the periphery of the cortical tissue 

further from the vessels (similar to the response of Δ[HbO2] in the same condition). 

 

7.3.4 Spectroscopic analysis on regions of interest in the maps

The spectroscopic analysis on all the reconstructed maps of Δ[HbO2], Δ[HHb], 

Δ[oxCCO], Δ[HbT] and Δ[HbDiff] on the exposed cortex of the three imaged mice 

is first conducted by targeting two specific ROIs on the FOVs, each composed of 

200x200 pixels and corresponding to regions of about 85x85 μm: (1) the first ROI 

is entirely located on a region encompassing only the major vasculature; (2) the 

second ROIs is centred on a region of grey matter where major vessels are not pre-

sent. Similar to the analysis done in Sec. 3.3 with the MC HSI framework, the two 

ROIs are selected in order to isolate the haemodynamic response of haemoglobin 

(primarily located in the vasculature) from the metabolic response of CCO (occur-

ring in the extravascular tissue).  

Results of this spectroscopic analysis for Δ[HbO2], Δ[HHb] and Δ[oxCCO] on 

the two above-mentioned ROIs are shown in Fig. 7.26, for the same mouse as the 

previous results and for the hyperspectral data reconstructed for all the 11 spectral 

bands of hNIR. Each data point corresponds to one of the 10 time windows of each 

experimental phase (50 in total). The temporal trends of the average spatial changes 

<Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> in both ROIs confirm the previous re-

sults of the spatial mapping of haemodynamics and metabolism on the exposed 
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Figure 7.26: Spectroscopic analysis in two ROIs of the maps of the exposed cortex of one 

mouse, showing the temporal average changes <Δ[HbO2]> (red), <Δ[HHb]> 

(blue) and <Δ[oxCCO]> (green), during all the conditions of the experiment. 

The first ROI (top image) lies all within a major vessel, while the second 

(bottom image) includes only the surrounding brain tissue. The data were re-

constructed with all the 11 spectral bands of hNIR. 

 

cortex showed by the reconstructed maps at 11 spectral bands, as well as the ability 

of hNIR to correctly track and quantify changes in the concentrations of HbO2, HHb 
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and oxCCO. The values of <Δ[HbO2]> and <Δ[HHb]> over time follow the ex-

pected haemodynamic responses of haemoglobin to hyperoxia, hypoxia and anoxia 

in both ROIs, while during the normoxic events returns to quasi-baseline values are 

reported, consistently with the premises of the experiments. Moreover, the changes 

in HbO2 and HHb appear larger by 2-3 times in the ROI located in the vasculature 

than in the ROI centred over extravascular grey matter, as expected due to the higher 

presence of haemoglobin and greater changes in oxygenation in the vessels. 

In general, the haemodynamic responses of both the two forms of haemoglobin 

show greater magnitude during the phases of reduced oxygenation, i.e. hypoxia and 

anoxia, compared to a less significant change in <Δ[HbO2]> and <Δ[HHb]> during 

hyperoxia. The haemodynamic response of HbO2 in both the vasculature and the 

surrounding tissue appears to present an initial dip in the first time window of hy-

peroxia. Furthermore, the haemodynamic response of HHb in the vasculature dur-

ing anoxia reaches an approximately stable plateau after the death of the mouse. 

These two phenomena were reported for all the three imaged mice, as it will be 

shown in the results of the medium-wise spectroscopic analysis in the next section.     

The temporal trends of <Δ[oxCCO]> in the ROI including only extravascular 

brain tissue is also consistent with the expected metabolic responses of the exposed 

cortex to hyperoxia, hypoxia and anoxic death, as well as to the two returns to 

normoxia (close to zero changes compared to baseline). The metabolic response of 

oxCCO generally presents a delay of 10-20 seconds in its inception and peaking 

compared to the haemodynamic responses of haemoglobin, in particular during hy-

peroxia and hypoxia. It is also confirmed the presence of spurious measured 

changes in the concentration of oxCCO in the ROI comprising only the vasculature: 

for several time windows these values of <Δ[oxCCO]> are in the same order of 

magnitude of the corresponding spatial averages in the ROI outside of the vessels, 

until they start to differ more significantly after the death of the mouse. The spurious 

measurements of oxCCO also follow similar temporal dynamics to the metabolic 

response in the grey matter in the whole experiment. The changes <Δ[oxCCO]> in 

the vasculature during anoxic death are characterised by a larger variance, as 

demonstrated by the values of the corresponding standard deviations. 

Fig. 7.27 reports the results of the spectroscopic analysis on the reconstructed 
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Figure 7.27: Spectroscopic analysis in two ROIs of the maps of the exposed cortex of one 

mouse, showing the temporal average changes <Δ[HbO2]> (red), <Δ[HHb]> 

(blue) and <Δ[oxCCO]> (green), during all the conditions of the experiment. 

The first ROI (top image) lies all within a major vessel, while the second 

(bottom image) includes only the surrounding brain tissue. The data were re-

constructed with only the 8 NIR spectral bands of hNIR. 

 

maps at the 8 NIR spectral bands of the hNIR system, for the same two ROIs and 

the same imaged mouse: the temporal trends of the average spatial changes in the 
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concentrations of HbO2, HHb and oxCCO in both targeted ROIs for the 8 NIR spec-

tral bands are comparable in magnitude and close to the previously analysed values 

of <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> for all the 11 spectral bands (both 

visible and NIR light). In particular, the two sets of values of <Δ[HbO2]>, 

<Δ[HHb]> and <Δ[oxCCO]> differ only by percentages in a range between 1.7% 

and 16.3%, for both ROIs. Furthermore, the temporal trends of the haemodynamic 

and metabolic responses reconstructed at 8 NIR spectral bands follow similar dy-

namics to the corresponding trends obtained for all the 11 wavelength bands. How-

ever, the trends at 8 NIR bands appear smoother, in particular for the metabolic 

response and the haemodynamic response of HbO2 during hyperoxia. 

Finally, the spectroscopic analysis at 8 NIR spectral bands confirms the higher 

presence of noise in the hyperspectral data reconstructed with only NIR light, as it 

already emerged from the qualitative analysis of the haemodynamic and metabolic 

maps: the values of the standard deviations of the averages <Δ[HbO2]>, <Δ[HHb]> 

and <Δ[oxCCO]> at 8 NIR bands are about 6-8 times higher than the corresponding 

standard deviations obtained at 11 bands. The influence and magnitude of noise are 

more significant on the extravascular tissue than on the major vessels, as visible 

from the comparison of the standard deviations of <Δ[HbO2]>, <Δ[HHb]> and 

<Δ[oxCCO]> between the two targeted ROIs. This is also consistent with the anal-

ysis on the image quality of the haemodynamic and metabolic maps reconstructed 

at 8 NIR spectral bands performed in the previous section.  

The same spectroscopic analysis is then performed also on the corrected hae-

modynamic and metabolic maps presented in Sec. 7.3.2, targeting the same two 

ROIs, one over the vasculature and one over the extravascular grey matter. The 

results for the same mouse (as for all the previous figures) are reported in Fig. 7.28, 

for the corrected data at all the 11 spectral bands of hNIR. This analysis provides 

further insight on the effects of the post-processing correction on the haemody-

namic and metabolic maps. The comparison between the corrected (Fig. 7.28) and 

uncorrected results (Fig. 7.26) of the spectroscopic analysis shows that the quanti-

fication of the haemodynamic responses of HbO2 and HHb is greatly enhanced in 

the ROI belonging to the vasculature, although the temporal trends of <Δ[HbO2]> 

and <Δ[HHb]> are maintained. In particular, the spatial averages of the relative 
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Figure 7.28: Spectroscopic analysis in two ROIs of the corrected maps of the exposed 

cortex of one mouse, showing the temporal average changes <Δ[HbO2]> 

(red), <Δ[HHb]> (blue) and <Δ[oxCCO]> (green), during all the conditions 

of the experiment. The first ROI (top image) lies all within a major vessel, 

while the second (bottom image) includes only the surrounding brain tissue. 

The data were reconstructed with all the 11 spectral bands of hNIR. 

 

changes in the concentrations of HbO2 and HHb still present a return to quasi-base-

line levels during the two normoxic events, despite these values being less close to 
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zero than for the uncorrected data. Contrarily, negligible differences emerge be-

tween the corrected and uncorrected temporal trends of <Δ[HbO2]>, <Δ[HHb]> and 

<Δ[oxCCO]> in the ROI outside of the main vessels. The differences in the values 

of the average spatial changes in the concentrations of HbO2, HHb and oxCCO 

between the corrected and uncorrected hyperspectral datasets are less than 1.7% for 

the ROI in the extravascular grey matter. This is consistent with the results of the 

computational studies with the MC framework in Sec. 3.3.1, where the post-pro-

cessing correction was first applied and tested. 

Lastly, the spectroscopy analysis on the two targeted ROIs of the exposed cor-

tex including only vasculature and surrounding brain tissue, respectively, is con-

ducted also on the reconstructed maps of HbT and HbDiff obtained at all the 11 

spectral bands of hNIR. Fig. 7.29 reports the temporal trends of the spatial averages 

<Δ[HbT]> and <Δ[HbDiff]> of the relative changes in concentration of HbT and 

HbDiff in both these ROIs, during the whole experimental procedure. The analysis 

of the trends confirms the expected temporal dynamics of cerebral oxygen delivery 

and CBV in both vasculature and extravascular cortical tissue during the various 

phases, as it was already inferred from the evaluation of the corresponding maps of 

Δ[HbT]> and Δ[HbDiff] in Fig. 7.21 to Fig. 7.25. Both the values of Δ[HbT]> and 

<Δ[HbDiff]> generally increase during hyperoxia and drop during hypoxia and an-

oxia, with returns to baseline levels in the two normoxic events. Cases of biphasic 

behaviour in the response of CBV are also found, particularly during hypoxia and 

the following normoxic event, with a sharp increase in <Δ[HbT]> following the 

restoration of oxygen supply to the brain before the return to baseline levels. 

A comparison of the trends of <Δ[HbDiff]> in the two targeted ROIs shows 

that the variations in O2 delivery to the cerebral cortex have larger magnitude (about 

2.5 times) in the major vessels than in the extravascular tissue. Differently, the 

trends of <Δ[HbT]> show a smaller discrepancy in the magnitudes of the responses 

of CBV between the two ROIs during all the phases, with the changes in the relative 

concentration of HbT being only about 2% to 13% larger in the main vasculature 

than in the surrounding grey matter.  

As a final remark, the temporal trends of the spatial averages <Δ[HbT]> in Fig. 

7.29 suggest limited influence of the experimental procedures on the levels of CBV 
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 Figure 7.29: Spectroscopic analysis in two ROIs of the maps of HbT and HbDiff of the 

exposed cortex of one mouse, showing the temporal average changes 

<Δ[HbT]> (black) and <Δ[HbDiff]> (magenta), during all the conditions of 

the experiment. The first ROI (top image) lies all within a major vessel, 

while the second (bottom image) includes only the surrounding brain tissue. 

The data were reconstructed with all the 11 spectral bands of hNIR. 

 

in the imaged exposed cortex, compared to the net changes in oxygen supply and 

saturation occurring in all the conditions, as shown by the values of <Δ[HbO2]>, 



 

7.3 Results of the in vivo experiments with hNIR                            273 

 

<Δ[HHb]> and <Δ[HbDiff]> obtained in this first part of the spectroscopic analysis.  

In the second part of the spectroscopic analysis on the reconstructed haemody-

namic and metabolic maps of HbO2, HHb and oxCCO obtained with hNIR, the 

FOVs of the imaged mice are evenly sampled with 15 square ROIs composed of 

200x200 pixels, corresponding to regions of about 85x85 μm on the exposed cortex. 

An example of the positions and sizes of these ROIs on the FOV for the same mouse 

selected for the previous results is shown in Fig. 7.30, reporting also the percentages 

of the area of each ROIs that include either vessels or extravascular brain tissue 

(based on the binary map of the segmented FOV used to create the meshed domain 

for the simulations with the MC HSI framework in Sec. 7.2.2).  

Figure 7.30: Location, size and percent area composition of the 15 square ROIs evenly 

sampled over the whole FOV on the exposed cortex of one of the mice. These 

ROIs were targeted for the second part of the spectroscopic analysis on the 

haemodynamic and metabolic maps reconstructed with hNIR. 

 

The spectroscopic analysis on these multiple ROIs scattered homogeneously across 

the whole FOV of the exposed cortex is aimed at investigating potential spatial dif-

ferences in the temporal trends of <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> ac-

cording to different regions in the brain that may include either vasculature or ex-

travascular grey matter or both. In particular, spatial inhomogeneities between the 

haemodynamic and metabolic responses in different locations of the FOV, though 

including the same type of medium, are also assessed.  

The results of the spectroscopic analysis on the 15 ROIs is reported in Fig. 7.31, 
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Figure 7.31: Spectroscopic analysis on the 15 ROIs sampling the reconstructed maps of 

the exposed cortex of a mouse: the temporal average changes <Δ[HbO2]> 

(a), <Δ[HHb]> (b) and <Δ[oxCCO]> (c) are reported for all the phases of the 

experiments. Data were obtained with all the 11 spectral bands of hNIR. 
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for the same mouse used for all the previous results. The multi-ROIs analysis is 

performed only on the maps reconstructed at all the 11 spectral bands of the hNIR 

system, due to the higher contrast and spatial resolution provided by this set of hy-

perspectral data (as shown in Sec. 7.3.1). 

Fig. 7.31a and Fig. 7.31b report the temporal trends of <Δ[HbO2]> and 

<Δ[HHb]> in all the 15 targeted ROIs, respectively: the haemodynamic responses 

from the two forms of haemoglobin are found to vary minimally across the various 

ROIs, except for the ROIs located for more than 65% on vessels (ROI 3, 8, 11, 12, 

14 and 15). Even ROIs including mostly surrounding grey matter and less than 35% 

of vasculature (e.g. ROI 1, 2, 7 and 10) do not significantly differ from the ROIs 

covering more than 95% of extravascular tissue (e.g. ROI 4, 5 and 6). The only 

significant occurrence of spatial inhomogeneities in the haemodynamic responses 

across the 15 targeted ROIs is identified during the last time windows of anoxia, 

after the subject mouse died. Again, this phenomenon can be attributed to inhomo-

geneous depletion of oxygen after death, between regions closer to the vessels 

(where the oxygen supply decreases more slowly) and regions far from the major 

vasculature (where oxygen depletes more rapidly).  

Only one ROI (ROI 5) in the haemodynamic map of HbO2 presents signifi-

cantly larger and oscillating values of the spatial averages <Δ[HbO2]> in some of 

the time windows of anoxia, compared to other ROIs with similar composition: this 

is likely due to an artefact in the maps generated by specular reflection, possibly 

caused by droplets of water accumulating on the glass coverslip above that region 

of the exposed cortex, or by local loss of focusing of the imaging side of hNIR.  

Similarly, all the temporal trends of <Δ[oxCCO]> in the 15 targeted ROIs, as 

shown in Fig. 7.31c, do not present major spatial differences across the sampled 

FOV, except during the last time windows of anoxia: after the death of the mouse, 

the metabolic response in those ROIs covering more than 65% of extravascular tis-

sue presents a larger decrease in <Δ[oxCCO]>, compared to the spurious signals of 

oxCCO in the ROIs including only vessels and also to the genuine changes in the 

concentrations of oxCCO in ROIs nearby the major vasculature. This smaller de-

crease in cerebral metabolism close to the vessels can again be associated to reten-

tion of oxygen in these regions of tissue after death, against a quicker depletion of 
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O2 in regions further away from the major vasculature. 

 

7.3.5 Medium-wise spectroscopic analysis across all mice

Two sets of temporal trends of <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> during 

the whole experimental procedure were obtained for each mouse by conducting a 

spectroscopic analysis medium-wise on all the imaged FOVs: (1) one set corre-

sponds to the average relative changes in the concentrations of HbO2, HHb and 

oxCCO across the entire vasculature of the FOV of the imaged exposed cortex of 

each mouse; (2) the other corresponds to the average relative changes in the con-

centrations of HbO2, HHb and oxCCO across all the extravascular brain tissue of 

the FOV of the imaged exposed cortex of each mouse. 

Fig. 7.32 and Fig. 7.33 show the results of the medium-wise spectroscopic anal-

ysis for all the three mice and for the hyperspectral datasets reconstructed at all the 

11 spectral bands of hNIR (both visible and NIR light), in the vasculature and the 

surrounding brain tissue, respectively. The temporal trends of <Δ[HbO2]>, 

<Δ[HHb]> and <Δ[oxCCO]> appear similar between the three mice, with no sig-

nificant variability in the reconstructed haemodynamic and metabolic responses of 

HbO2, HHb and oxCCO across the various animals. This is indeed valid for the 

results related to the entire vascular medium (Fig 7.32), as well as for the results 

including only extravascular tissue (Fig. 7.33).  

Among the similar features in the medium-wise temporal trends of <Δ[HbO2]>, 

<Δ[HHb]> and <Δ[oxCCO]> across all the three mice, the following are worth 

mentioning: (1) both the haemodynamic and the metabolic responses present com-

parable and close magnitudes in the vascular and the grey matter medium, respec-

tively, for all the experimental phases; (2) almost equivalent timings in the temporal 

dynamics of both the haemodynamic and the metabolic responses in the vascular 

and the grey matter medium, respectively; (3) comparable variance and influence 

of noise in the values of the spatial average changes in the concentrations of HbO2, 

HHb and oxCCO over the entire FOV, as inferred from the comparison of the stand-

ard deviations of the temporal trends of <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]>; 

(4) a delay in the inception and peaking of the metabolic responses, compared to 

haemodynamic ones; (5) the occurrence of an initial dip of similar magnitude in the 
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Figure 7.32: Medium-wise spectroscopic analysis on the maps of the exposed cortex of all 

the three mice, showing the temporal average changes <Δ[HbO2]> (a), 

<Δ[HHb]> (b) and <Δ[oxCCO]> (c) over the entire vascular medium, during 

all the phases of the experiment. The data were reconstructed with all the 11 

spectral bands of hNIR. 
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Figure 7.33: Medium-wise spectroscopic analysis on the maps of the exposed cortex of all 

the three mice, showing the temporal average changes <Δ[HbO2]> (a), 

<Δ[HHb]> (b) and <Δ[oxCCO]> (c) over the entire extravascular tissue, dur-

ing all the phases of the experiment. The data were reconstructed with all the 

11 spectral bands of hNIR. 
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haemodynamic responses of HbO2 in the vasculature medium during hyperoxia; (6) 

the manifestation of a near-stationary plateau in the values of <Δ[HHb]> in the vas-

culature medium during the last time windows of anoxia. 

Further analysis and evaluation of the repeatability of the HSI data collected in 

vivo with the hNIR system on the exposed cerebral cortex of the three mice are 

conducted by comparing specific parameters extracted from the temporal trends of 

the medium-wise spatial averages of the relative changes in the concentrations of 

HbO2, HHb and oxCCO (in Fig. 7.32 and Fig. 7.33). In particular, for each mouse 

the following parameters are compared: (1) the maximum values of <Δ[HbO2]>, 

<Δ[HHb]> and <Δ[oxCCO]> for the whole experiment; (2) the minimum values of 

<Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> for the whole experiment; (3) the time 

intervals Δt (in seconds) where the peaks (in magnitude) of the haemodynamic and 

metabolic responses occur during hyperoxia, hypoxia and anoxic death (consider-

ing also the possible continuation of these response in the following returns to 

normoxia). The abovementioned values are all reported in Tab. 7.2.  

The comparison in Tab. 7.2 of the key parameters of the medium-wise temporal 

trends of <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> between the three mice con-

firms the previous findings that emerged from Fig. 7.32 and Fig. 7.33, particularly 

the similarity in the magnitudes and in the timings of the peak haemodynamic and 

metabolic responses over the main tested conditions of the experimental procedure. 

The maximum and minimum peak responses of <Δ[HbO2]>, <Δ[HHb]> and 

<Δ[oxCCO]> in each major experimental phase (hyperoxia, hypoxia and anoxia) 

differ only from 1.3% to 19% between the three mice, within the same range of 

values of the relative changes in the concentrations of HbO2, HHb and oxCCO. 

Similar values of the standard deviations of these peak responses are also obtained 

(within less than 17% differences), demonstrating comparable and close variance 

in the medium-wise spatial averages <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> 

across all the FOVs of the three mice, accordingly to the analysed medium. Fur-

thermore, the time intervals Δt of the peak responses <Δ[HbO2]>, <Δ[HHb]> and 

<Δ[oxCCO]> for the same experimental phases generally either coincide or differ 

between the three mice only by a maximum of 3 temporal windows (each composed 

of 30 seconds). 
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Table 7.2: Comparison between key parameters in the temporal trends of <Δ[HbO2]>, 

<Δ[HHb]> and <Δ[oxCCO]> of all the mice obtained from the medium-wise 

spectroscopic analysis on both vasculature and extravascular grey matter. 

Parameters 

Mouse 1 Mouse 2 Mouse 3 

Grey 

matter 

Vascula-

ture 

Grey  

matter 

Vascula-

ture 

Grey  

matter 

Vascula-

ture 

Maximum 

<Δ[HbO2]> 

25.26± 

3.70 μM 

38.48± 

13.14 μM 

31.20± 

7.53 μM 

40.83± 

16.29 μM 

28.50± 

1.47 μM 

47.26± 

12.05 μM 

Maximum 

<Δ[HHb]> 

56.71± 

11.72 μM 

57.53± 

24.10 μM 

70.72± 

26.52 μM 

66.52± 

23.28 μM 

57.46± 

14.77 μM 

74.09± 

23.84 μM 

Maximum 

<Δ[oxCCO]> 

4.31± 

0.21 μM 

4.37± 

1.51 μM 

4.51± 

1.19 μM 

3.37± 

0.80 μM 

4.41± 

2.52 μM 

3.56± 

2.29 μM 

Minimum 

<Δ[HbO2]> 

-78.09± 

14.04 μM 

-127.93± 

38.50 μM 

-97.01± 

24.59 μM 

-131.92± 

41.10 μM 

-73.81± 

16.67 μM 

-168.25± 

40.64 μM 

Minimum 

<Δ[HHb]> 

-16.88± 

4.37 μM 

-26.79± 

10.08 μM 

-20.52± 

9.05 μM 

-21.93± 

4.10 μM 

-18.65± 

3.34 μM 

-38.42± 

8.37 μM 

Minimum 

<Δ[oxCCO]> 

-6.40± 

1.47 μM 

-3.88± 

2.02 μM 

-5.96± 

1.58 μM 

-3.71± 

0.74 μM 

-5.82± 

0.85 μM 

-2.42± 

0.63 μM 

Δt of peak  

<Δ[HbO2]> 

in hyperoxia 

120- 

150 s 

240- 

270 s 

180- 

210 s 

270- 

300 s 

270- 

300 s 

300- 

330 s 

Δt of peak  

<Δ[HHb]> 

in hyperoxia 

300- 

330 s 

240- 

270 s 

300- 

330 s 

300- 

330 s 

300- 

330 s 

240- 

270 s 

Δt of peak  

<Δ[oxCCO]> 

in hyperoxia 

360- 

390 s 

300- 

330 s 

360- 

390 s 

300- 

330 s 

300- 

330 s 

300- 

330 s 

Δt of peak 

<Δ[HbO2]> 

in hypoxia 

870- 

900 s 

900- 

930 s 

900- 

930 s 

900- 

930 s 

900- 

930 s  

900- 

930 s 

Δt of peak  

<Δ[HHb]> 

in hypoxia 

870- 

900 s 

870- 

900 s 

930- 

960 s 

870- 

900 s 

900- 

930 s 

870- 

900 s 

Δt of peak  

<Δ[oxCCO]> 

in hypoxia 

960- 

990 s 

960- 

990 s 

930- 

960 s 

930- 

960 s 

900- 

930 s 

990- 

1020 s 

Δt of peak 

<Δ[HbO2]> 

in anoxia 

1470- 

1500 s 

1470- 

1500 s 

1470- 

1500 s 

1470- 

1500 s 

1470- 

1500 s 

1350- 

1380 s 

Δt of peak 

<Δ[HHb]> 

in anoxia 

1470- 

1500 s 

1470- 

1500 s 

1470- 

1500 s 

1470- 

1500 s 

1470- 

1500 s 

1440- 

1470 s 

Δt of peak 

<Δ[oxCCO]> 

in anoxia 

1470- 

1500 s 

1470- 

1500 s 

1410- 

1440 s 

1470- 

1500 s 

1470- 

1500 s 

1470- 

1500 s 
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Finally, group mean values of the peak changes in <Δ[HbO2]>, <Δ[HHb]> and 

<Δ[oxCCO]> during hyperoxia, hypoxia and anoxia are calculated by averaging 

the corresponding values from the medium-wise trends across all the three mice. 

These group values are reported in Tab. 7.3 for both media of the exposed cortex. 

 

Table 7.3: Group mean values across all the mice of the peak responses of <Δ[HbO2]>, 

<Δ[HHb]> and <Δ[oxCCO]>, obtained from the medium-wise spectroscopic 

analysis on both vasculature and extravascular grey matter. 

Parameters 
Group mean values (3 mice) 

Grey matter Vasculature 

Peak <Δ[HbO2]> 

during hyperoxia 
28.32±2.43 μM 42.19±3.71 μM 

Peak <Δ[HHb]> 

during hyperoxia 
-18.68±1.49 μM -29.05±6.92 μM 

Peak <Δ[oxCCO]> 

during hyperoxia 
4.41±0.08 μM 3.77±0.43 μM 

Peak <Δ[HbO2]> 

during hypoxia 
-51.05±6.18 μM -85.64±12.08 μM 

Peak <Δ[HHb]> 

during hypoxia 
35.57±4.35 μM 61.85±6.54 μM 

Peak <Δ[oxCCO]> 

during hypoxia 
-4.15±0.19 μM -3.14±0.67 μM 

Peak <Δ[HbO2]> 

during anoxia 
-82.97±10.08 μM -142.70±18.14 μM 

Peak <Δ[HHb]> 

during anoxia 
61.63±6.43 μM 66.05±6.67 μM 

Peak <Δ[oxCCO]> 

during anoxia 
-6.06±0.25 μM -3.34±0.65 μM 

 

7.4 Discussion and conclusions 

The results of the in vivo experiments with hNIR on the exposed cerebral cortex of 

three mice during various oxygenation challenges have demonstrated the capability 

and performances of the custom HSI system developed for this thesis to image and 

monitor brain haemodynamics and metabolism.  
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The hNIR setup was able to retrieve correct haemodynamics and metabolic 

maps tracking and charting the distribution of the relative changes in the concentra-

tions of HbO2, HHb and oxCCO on the exposed cortex of three mice, during hy-

peroxia, hypoxia and anoxia. The reconstructed maps obtained at 11 spectral bands, 

including both visible and NIR light, showed high spatial resolution and image con-

trast, providing fine differentiation between the cortical vasculature and the sur-

rounding tissue, down to minor vessels of about 20 μm in diameter. Contrariwise, 

poorer image quality and higher noise characterised the reconstructed maps at only 

8 NIR spectral bands with hNIR. Nonetheless, the haemodynamic and metabolic 

response of haemoglobin and CCO, respectively, were correctly localised and their 

temporal trends during the various experimental phases were consistent with the 

expected changes in HbO2, HHb and oxCCO, for both analysed spectral ranges. 

The comparison between the reconstructed data at 11 and 8 spectral bands has 

confirmed the computational findings (reported in Sec. 3.3.1) obtained via the MC 

HSI framework: the addition of 3 optimally-selected, visible wavelengths (600, 630 

and 665 nm) has the advantage of significantly increasing the spatial resolution and 

image contrast of the reconstructed haemodynamic and metabolic maps, without 

critically affecting the quantification accuracy of the relative changes in the con-

centrations of HbO2, HHb and oxCCO, compared to the use of only NIR spectral 

bands. The selection of the visible wavelengths is a key factor, as using spectral 

bands below 600 nm can strongly influence the monitoring of CCO, due to other 

species of cytochrome having predominant peaks in that range. This would then 

make hNIR data more prone to crosstalk from these additional chromophores, for 

spectral bands below 600 nm. Furthermore, the use of NIR light offers greater depth 

sensitivity in the brain and provides physiological information about the deeper lay-

ers of the cortical tissues, whereas visible photons typically sample and monitor the 

more superficial regions. The datasets collected with the two spectral ranges of il-

lumination can then be complementary and the use of the hNIR system to explore 

the in vivo measurement of haemodynamics and metabolism at different depths into 

the brain cortex can be explored in the future.

The conclusions drawn from the reconstructed maps obtained with the hNIR 

system were further validated by the spectroscopic analysis conducted on specific 
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ROIs on the imaged FOVs of the exposed cortex of the mice: temporal trends of the 

spatial average changes <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> in the concen-

trations of HbO2, HHb and oxCCO were calculated for each time-averaged window 

in the whole experimental procedure. The results of the spectroscopic analysis 

demonstrated the ability of hNIR to retrieve quantitative and correct temporal dy-

namics of the haemodynamic response, in both the vasculature and the surrounding 

brain tissue, as well as of the metabolic response in the extravascular grey matter. 

 Larger changes in the concentrations of HbO2 and HHb were estimated in the 

vessels, compared to the rest of the cerebral cortex, consistently with the higher 

presence of haemoglobin in the vasculature. Nonetheless, hNIR was also able to 

retrieve the smaller haemodynamic response occurring in the surrounding tissue 

outside the main vessels, which can be attributed to the microvasculature and the 

capillaries within the cortical grey matter. The results of the quantification of the 

haemodynamic response with hNIR are consistent with the outcomes of similar 

studies on the exposed cortex of small animals, using HSI to monitor brain oxygen-

ation and perfusion, as reviewed in Sec. 2.5.3. 

Similarly, the metabolic response of CCO was correctly identified and esti-

mated by hNIR in the extravascular tissue, where brain metabolism takes place: the 

reconstructed temporal trends of  <Δ[oxCCO]> in the ROI located on the grey mat-

ter during the oxygenation challenges are consistent with the literature and with 

corresponding data obtained in previous studies with bNIRS and HSI, as reviewed 

in Sec. 2.5.6. However, spurious measured changes in oxCCO were also recon-

structed in the ROI of the FOV that included only main vasculature, where CCO 

should not be present. This is similar to what was found in Sec. 3.3 for the simula-

tion studies with the MC HSI framework. The occurrence of this spurious measured 

signals of CCO in the vasculature can again be attributed to partial pathlength ef-

fects: the photon detected by the hNIR system in pixels of the FOV located over the 

major vasculature have travelled mostly through the surrounding grey matter (as 

showed by the simulated pathlengths in Fig. 7.4) and thus carry information also 

from the layers of extravascular tissue around and beneath the vessels, where both 

CCO and related metabolic activity are present, thus contaminating the overall sig-

nal reconstructed via MBLL.  
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The spectroscopic analysis on multiple ROIs evenly sampled over the recon-

structed maps of the FOVs of the mice showed that, besides the differences in the 

haemodynamic and metabolic responses between media (i.e. vasculature and sur-

rounding tissue), the spatial changes <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> in 

the concentrations of HbO2, HHb and oxCCO remain generally homogeneous over 

time across the whole imaged portion of the exposed cortex. No significant loca-

tions of higher or lower haemodynamic and metabolic activity on the same medium 

were identified: in particular, regions containing both minor vasculature and extra-

vascular tissue presented comparable changes in HbO2, HHb and oxCCO to the 

regions composed of only grey matter with no vessels. The only exception to this 

was during the time windows after the anoxic death of the mice: smaller haemody-

namic and metabolic response were estimated in regions close to the main vascula-

ture, supposedly due to retention of oxygen in these areas compared to the periphery 

further away from the vessels, where O2 depletes more rapidly.  

For the reconstruction of the in vivo hyperspectral data acquired with hNIR, the 

spatially-selective, post-processing correction developed and computationally 

tested in Sec. 3.3.1 was also implemented: the haemodynamic and metabolic maps 

of the exposed cortex at all 11 spectral bands were corrected taking into account the 

differences between the partial pathlengths the detected photon have travelled in 

the two different media, using the MC HSI framework. The correction indeed en-

hanced image contrast and quantification of the haemodynamic response in the vas-

culature. Conversely, no significant differences in the relative changes in concen-

trations of either HbO2, HHb and oxCCO were reported between corrected and un-

corrected data. The in vivo testing of the post-processing correction was a first step 

into developing a more accurate quantification of the vascular haemodynamic re-

sponse using HSI that can be further investigated and validated in the future. 

Finally, the repeatability and consistency of the hyperspectral data collected in 

vivo with the hNIR system on the exposed cortex was assessed and verified by per-

forming a medium-wise spectroscopic analysis on the reconstructed haemodynamic 

and metabolic maps of all the three imaged mice, thus comparing the overall tem-

poral trends of <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> for each animal across 

the entire vascular medium, as well as the surrounding tissue, respectively. This 
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comparison and the analysis of key parameters in the trends showed that the hae-

modynamic and metabolic responses estimated with hNIR present only small dif-

ferences between the three mice, accordingly to the same media. This demonstrates 

the reliability and precision of the hNIR system in monitoring and quantifying hae-

modynamics and metabolism of the exposed cerebral cortex. 

 

7.4.1 Critique of the methods  

The simulation of the photon pathlengths of the detected photons performed in Sec. 

7.2.2 using the MC HSI framework (developed in Chapter 3) introduces inevitable 

uncertainties in the quantification of the in vivo cerebral haemodynamic and meta-

bolic responses, due to the numerical estimates of the photon trajectories that could 

not be directly measured during the experiments. Furthermore, the parameters used 

in Tab. 7.1 for the composition of the meshed domains replicating the exposed cor-

tex of the imaged mice for the MC simulations were mostly assumed from litera-

ture: a more rigorous and accurate approach would require to measure a number of 

these parameters directly during the in vivo experiments (such as saturation S using 

a tissue oximeter) or before the data acquisition (e.g. taking blood samples of the 

imaged mice to measure the average concentration of haemoglobin in the tissues). 

Regarding the application of the spatially-selective, post-processing correction 

on the reconstructed haemodynamic and metabolic maps in Sec. 7.3.2, conclusions 

on the capacity of this approach to enhance quantification of the relative changes of 

the concentrations of HbO2 and HHb were drawn based on the initial numerical 

validation conducted and demonstrated in Chapter 3 with the MC HSI framework. 

A verification of the actual enhancement of the quantification in vivo is not possible: 

however, the post-processing correction can be further validated on controlled en-

vironments, such as optical phantoms, to provide stronger support to the claims. 

 

7.4.2 Summary of the outcomes  

The in vivo application and investigation of hNIR on the exposed cerebral cortex of 

mice during oxygenation challenges have provided the following results: 

▪ Demonstration of the capability of the hNIR system to map and monitor the 
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cerebral haemodynamic and metabolic responses in vivo with high resolu-

tion and contrast (resolving both major and minor vasculature); 

▪ Demonstration that the addition of 3 visible wavelengths to the NIR bands 

used to illuminate the cerebral cortex increases image quality of the maps 

with accuracy comparable to the use of only NIR light;  

▪ Preliminary application on in vivo data of the spatially-selective, post-pro-

cessing correction developed in Chapter 3, producing an enhancement in the 

contrast and quantification of the haemodynamic maps; 

▪ Validation of the repeatability of the measurements obtained with hNIR 

across all the three imaged mice.



Chapter 8 

3287 

 

Conclusion 

 
The ultimate goal of this thesis work was to design, develop and investigate a HSI 

system capable of simultaneously monitoring and quantifying the haemodynamic 

and metabolic states of the exposed cerebral cortex of small animals, via mapping 

of the relative changes in concentration of the two forms of haemoglobin (HbO2 

and HHb) and the oxidative state of CCO (oxCCO). This was motivated primarily 

by: (1) the need to provide a compact, reliable and flexible imaging tool to study 

haemodynamics and metabolism of the brain in vivo; and (2) the necessity of further 

understanding the brain physiological origin of the optical signatures of the three 

chromophores (HbO2, HHb and oxCCO) targeted by bNIRS to monitor brain activ-

ity non-invasively on humans, in particular by spatially locating and differentiating 

between their corresponding signals at high resolution on the cerebral cortex. 

 

8.1 Summary of the thesis work 

A complete study of the application of HSI to brain haemodynamic and metabolic 

monitoring via simultaneous functional imaging of haemoglobin and CCO has been 

carried out in this thesis work. The main outcomes of this study are: (1) the design, 

development and validation of a novel HSI system, called hNIR, whose capability 

and performances to image and quantify the haemodynamic and metabolic states of 

the exposed cortex have been proved thoroughly and extensively, from technical 

characterisation, through phantom testing, to in vivo proof of concept; (2) the de-

velopment and investigation of a MC framework modelling and simulating HSI 

monitoring of the changes in concentration of HbO2, HHb and oxCCO on the ex-

posed cerebral cortex of mice, which was then coupled efficiently with hNIR. 
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The development of both the hNIR system and the related software part, in-

cluding the MC HSI framework, required an exhaustive review of HSI technologies 

and methodologies applied to the in vivo monitoring of haemodynamics and metab-

olism in the brain, which was undertaken in Chapter 2. In particular, no demonstra-

tion of visible-light and NIR HSI to target simultaneously oxygenation of blood 

haemoglobin and the redox states of CCO in the exposed cerebral cortex was found 

in the previous literature, thus confirming the novelty of this thesis work. Thus, the 

following chapters (Chapter 3 and Chapter 4) focused principally on studying and 

identifying the optimal design for the HSI system to be built, specifically in terms 

of imaging performances, spectral capability, compactness and cost, that ultimately 

lead to the creation of hNIR. 

The MC HSI framework was developed and validated in Chapter 3, with the 

purpose of aiding in the design and optimisation of the benchtop HSI system. It is 

based on the generation of a realistic meshed domain of brain tissues from in vivo 

images of the cerebral cortex, as well as the simulation of hyperspectral wide-field 

illumination and detection at numerous wavelengths. The MC framework was used 

to computationally study and assess the capability and performances of HSI to map 

and quantify haemodynamics and metabolism via targeting of haemoglobin and 

CCO. The results of these studies with the MC framework demonstrated the fol-

lowings: (1) the ability of HSI to differentiate between the optical signals of hae-

moglobin and CCO, as well as to accurately quantify the haemodynamic and met-

abolic responses associated with such signatures in a replicated condition of acute 

hypoxia; (2) the possibility to use an optimal combination of 8 NIR wavelengths 

providing comparable accuracy to the ‘gold standard’ of 121 spectral bands; (3) the 

influence and magnitude of partial pathlength effects in the data, which led to the 

development and testing of a post-processing correction to mitigate their occur-

rence, as well as to a promising alternative HSI configuration based on localised 

illumination and detection. Finally, the MC framework provided an initial numeri-

cal validation to the use of NIR light at multiple wavelengths to monitor metabolism 

via CCO, thus supporting the use of bNIRS. The work in Chapter 3 represent the 

very first demonstration of MC modelling of HSI for brain haemodynamic and met-

abolic monitoring. 
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Different potential bespoke solutions and associated opto-electronic instrumen-

tation were then compared and evaluated in Chapter 4 to ultimately decide the de-

sign of the HSI benchtop system to be built and tested in the rest of the thesis work. 

The combination of a supercontinuum laser and a Pellin-Broca prism mounted on a

rotating motor for rapid spectral illumination was identified and selected as the op-

timal setup, due to its balance between satisfactory spectral, temporal and imaging 

performances and its cost and compactness. 

Chapter 5 presented and described the hNIR system, as well as its characteri-

sation in terms of power output, spectral and temporal resolution, and imaging per-

formances. The hNIR system uses 11 spectral bands (3 visible bands and 8 NIR 

bands) to illuminate the exposed cerebral cortex at high speed (about 0.3 hyper-

cubes/s), and a large-format sCMOS camera to collect the corresponding hyper-

cubes. The power and spectral characterisation of hNIR identified an average output 

power of 60-110 μW across bands and a spectral resolution of 6-11 nm. The hNIR 

is also capable of scaling up and down the number of selectable spectral bands, 

making it a flexible tool to be tailored also for other applications outside of brain 

imaging of haemoglobin and CCO. The image characterisation of hNIR demon-

strated a spatial resolution estimated at 2.19 μm on a FOV of 1.1x0.9 mm, with high 

contrast and SNR, as well as lack of significant image artefacts. Finally, the hNIR 

was coupled with the MC HSI framework developed in Chapter 3 for estimation of 

the spatial distribution of the pathlengths of the detected photons and implementa-

tion of the spatially-selective, post-processing correction to in vivo data. 

In Chapter 6, the hNIR system was then tested and validated under controlled 

conditions on liquid optical phantoms replicating the optical properties of brain tis-

sue and providing simulated changes in blood oxygenation and metabolism via gas 

bubbling and aerobic oxygen consumption through yeast. This permitted to recreate 

the optical signatures of both forms of haemoglobin and the redox states of CCO. 

Two phantoms were imaged with hNIR: one containing both blood (haemoglobin) 

and yeast (CCO) and one only blood (only haemoglobin and no CCO). The com-

parison of the results on the two phantoms demonstrated the ability of hNIR to cor-

rectly differentiate and isolate the signals of the three chromophores: the haemody-

namic responses of HbO2 and HHb were accurately estimated and tracked in both 
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liquid phantoms, whereas only in the phantom containing yeast the metabolic re-

sponse associated with CCO was detected and measured. hNIR also provided accu-

rate quantification of the relative changes in the concentrations of HbO2 and HHb, 

compared to theoretical values estimated from the composition of the phantoms and 

the experimental setting. 

Lastly, in Chapter 7 hNIR was tested and investigated in vivo on the exposed 

cortex of three mice undergoing through different phases of normoxia, hyperoxia, 

hypoxia and finally anoxic death. The results of the in vivo experiments demon-

strated the capability of hNIR to reconstruct high-resolution, high-contrast maps of 

the haemodynamic and metabolic states of the exposed cortex via tracking of hae-

moglobin and CCO, using both visible and NIR light. Correct temporal dynamics 

of the haemodynamic and metabolic responses of HbO2, HHb and oxCCO were 

retrieved from the in vivo data, consistent with the expected physiological processes 

occurring during the experiments. The hNIR system differentiated between the re-

sponses in different regions of the exposed cortex and provided reliable and repeat-

able results across the three mice. Furthermore, the results highlighted that the use 

of both visible and NIR light against only NIR spectral bands provided comparable 

quantifications of the haemodynamic and metabolic responses, although the addi-

tion of visible light greatly increased the overall image quality of the reconstructed 

maps. The spatially-selective, post-processing correction developed in Chapter 3 

was also applied on the results of the in vivo studies, significantly enhancing image 

contrast and visualisation of the vasculature in the reconstructed maps. 

These achievements prove that the overall objectives and aims of this thesis 

work, outlined in Chapter 1, were successfully achieved. 

 

8.2 Future directions 

Future work and improvements that could be developed as a follow-up to this thesis 

were reported for both the MC HSI framework in Chapter 3 and the validation pro-

cedure using liquid optical phantoms in Chapter 6, at the end of the respective chap-

ters (Sec. 3.4.2 and Sec. 6.4.1, respectively). In this section, potential future direc-

tions and perspectives are examined for the hNIR system and for its applications 



 

   8.2 Future directions                                                    291 

  
outside of the objectives of this thesis work. 

The current setup of the hNIR system could be used to investigate in vivo ad-

ditional physiological conditions of the living brain affecting its haemodynamic and 

metabolic states, such as ischaemia, hyperaemia, hypercapnia or potential impair-

ments of brain activity, such as iron-deficient syndromes or neuroinflammations. 

Furthermore, hNIR could also be tested to study functional activation via a number 

of brain stimulations (e.g. sensory, motor and audio-visual stimuli), although the 

temporal resolution requirements for these specific applications will have to be 

tested against the current capabilities of the system.  

Regarding hardware developments, it was demonstrated that the current con-

figuration of hNIR is suitable for the monitoring and mapping of haemodynamics 

and metabolism in the exposed cerebral cortex. Nonetheless, system and instrumen-

tation upgrades could be implemented to satisfy new requirements according to al-

ternative applications outside of the monitoring of HbO2, HHb and CCO. Addi-

tional chromophores of interest could be targeted for either neuroimaging or other 

biomedical applications, e.g. water, fat, melanin and bilirubin. This would require 

to adjust the spectral range of hNIR to incorporate other spectral bands, with the 

possibility to even increase the number of used wavelengths beyond the current 11. 

However, for hNIR there is a trade-off between number of spectral bands and tem-

poral resolution, as increasing the number of wavelengths would decrease the hy-

percubes rate due to longer scanning and imaging time. Furthermore, HSI of auto-

fluorescence of NADH and FAD (as described in Sec. 2.5.5), or other fluorophores, 

could be integrated within the hNIR system and performed in parallel with the de-

tection of the optical absorption signatures of other chromophores.  

The alternative HSI configuration tested computationally in Sec. 3.2.4 and Sec. 

3.3.4, involving localised and spatially-selective hyperspectral illumination and de-

tection, could also be implemented  in the hNIR system by either further collimating 

the light beam exiting the illumination fibre after the LSR, in order to reduce the 

illumination spot size on the exposed cortex, or by modulating the same light beam 

to produce structured illumination (as suggested in Sec. 3.4.2). 

Finally, the software side of hNIR could also be improved in the future, by 

potentially investigating alternative data processing algorithms and reconstruction 



 

292                                             Chapter 8. Conclusion 

  
 

approaches for the quantification of the changes in the concentrations of the targeted 

chromophores, besides MBLL (due to its intrinsic limitations described in Sec. 

2.3.1 and demonstrated numerically in Sec. 3.3). 

 

8.3 Final remarks 

Significant progresses and accomplishments were made in this thesis work regard-

ing the study and use of visible and NIR light to monitor haemodynamics and me-

tabolism in the living brain, in particular the utilisation of multiple wavelengths to 

detect the cerebral physiological signals related to haemoglobin and CCO. A novel, 

bespoke HSI system was presented and validated for measuring and mapping brain 

oxygenation and metabolic activity on the exposed cortex in vivo, which provides 

a solid basis in support on the efficacy of bNIRS in retrieving correct information 

on brain haemoglobin and CCO non-invasively in humans, as both optical modali-

ties are based on the same physical principles and foundations. 

The application of HSI to the simultaneous mapping and quantification of the 

haemodynamic and metabolic states of the exposed cortex via targeting of haemo-

globin and CCO was an area that had not been previously explored in literature 

before this and it opens the field to several potential investigations on a number of 

conditions and scenarios involving the inner working of the brain. The instrumen-

tation and techniques developed in this thesis could lead to a greater and deeper 

understanding of brain physiology to the benefit of neurological research. Further-

more, the hNIR system and associated methodologies are versatile enough so that 

they could also be tailored for multiple biomedical applications outside of the study 

of the brain and explored in future work. 

 



Appendix A 
 
 

Appendix A: Investigation of a 

commercial HSI solution 

 
Before the design of the customised hNIR system presented in Chapter 5, a prelim-

inary, exploratory step in the HSI hardware development work was conducted in 

the thesis regarding the characterisation and use of a commercial hyperspectral so-

lution, in order to determine whether a currently available off-the-shelf, marketed 

HSI instrument can be used to effectively image and monitor in vivo changes in 

cerebral tissue concentration of HbO2, HHb and oxCCO (with specific focusing on 

the last chromophore), as well as to evaluate its performances for such application.  

Considering the minimum requirements outlined in Tab. 4.1 in Chapter 4 for a 

HSI instrument or setup to be capable of mapping and monitoring haemodynamics 

and metabolism in vivo, a commercial snapshot solution based on Cubert GmbH 

technology (S185 FireflEYE camera) [112], [293] was applied on the exposed cer-

ebral cortex of healthy living mice during normoxic, hyperoxic and hypoxic brain 

stimuli. In particular, the S185 FireflEYE camera allows simultaneous acquisition 

of 138 wavelength bands between 450 and 998 nm, with band sampling and spectral 

resolution of about 4 to 8 nm. Experimental procedures, as well as data acquisition 

and processing, will be presented and discussed. From the collected hyperspectral 

data, relative changes in the concentrations of haemoglobin and CCO were esti-

mated, from which haemodynamic and metabolic maps of the imaged cortex were 

reconstructed. Spectroscopic analysis at different regions of interest (ROI) was also 

performed. Potentials and advantages of this commercial solution were examined, 

together also with the limitations of the tested commercial camera for such specific 

application, in particular regarding spatial resolution and cost.  
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The results of the investigation and the comparison between benefits and draw-

backs of the Cubert hyperspectral solution were then used to make a final decision 

about whether or not choosing such commercial instrument as the core component 

of the system developed during the work presented in this thesis. 

Sections and figures of the journal article in [294] by L. Giannoni et al have 

been modified and adapted to form parts of this chapter, with reprint permission 

under CC BY 4.0 License. 

 

A.1 The Cubert S185 FireflEYE camera and setup 

The principal part of the commercial hyperspectral solution was composed of a hy-

perspectral snapshot camera named S185 FireflEYE [293], which is manufactured 

and sold by Cubert GmbH [112]. This instrument was chosen for the experimental 

investigation in this appendix primarily because of its technical characteristics that 

met the criteria in Tab. 4.1 of Chapter 4. The specifications of the camera are sum-

marised in Tab. A.1. 

The features of the S185 FireflEYE -in particular the number of imaged spectral 

bands (138), the spectral resolution (from around 4 to 8 nm) and spectral band sam-

pling (4 nm)- make such product one of the most suitable (if not the most) commer-

cial candidates for monitoring metabolic responses in the exposed cortex, as well 

as a cutting-edge instrument among the snapshot hyperspectral devices available on 

the market. Indeed, the majority of the other commercial snapshot cameras usually 

has a significantly lower number of available spectral bands (typically 15 to 40) and 

inferior spectral resolution (between 10 to 15 nm), although generally working at 

much higher hypercube rates (more than 100 hypercubes per second) [111]. How-

ever, this last aspect is not a fundamental requirement for imaging brain haemody-

namics and metabolism, since the dynamic of these physiological processes usually 

evolves over times in the order of seconds to tens of seconds, as explained in Sec. 

2.5.3 when discussing about the haemodynamic response. 

The snapshot acquisition mode provided by S185 FireflEYE was initially pre-

ferred as a potential HSI design, compared to other hyperspectral acquisition mo-

dalities such as linear scanning and spectral scanning, due to the specific advantages 
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it provides for in vivo imaging, i.e. faster integration and acquisition time and lower 

susceptibility to motion artefacts, since no scanning procedure is required (as al-

ready discussed in Sec. 2.5.2). Specifically, the S185 FireflEYE hyperspectral cam-

era performs the snapshot acquisition mode by employing a beam splitter that redi-

rects the detected light to two CCD sensors of different sizes: (1) a 1000x1000 pix-

els monochrome sensor for full-frame spatial acquisition of the imaged target, and 

(2) a 50x50-pixels sensor, coupled with a pinhole and prism, for spectral separation 

and wavelength-coded detection. The 1000x1000 pixels image, carrying the high-

resolution spatial information, and the 50x50-pixels image, with the encoded spec-

tral information of all the 138 wavelength bands, are then combined via an interpo-

lation algorithm to obtain the final reconstructed hypercube.   

 

Table A.1: Technical characteristics and specification of the Cubert S185 FireflEYE hy-

perspectral camera, as reported on its official spec sheet [293]. 

Specifications Cubert S185 FireflEYE 

Acquisition mode: Snapshot 

Type of detector: Silicone CCD 

Spatial resolution: 1000x1000 pixels 

Spectral range: 450 to 998 nm 

Number of spectral bands: 138 

Spectral band sampling: 4 nm 

Spectral resolution (FWHM): 8 nm at 532 nm 

Hypercube rate: Up to 5 hypercubes/s 

Integration time: 0.1 to 1000 ms 

Digitisation: 12 Bit 

Shutter type: Global 

Maximum SNR: ~58 dB 

Dynamic range: ~68 dB 

Operating temperature: 0° to 40°C 

Power consumption: 15 W at 12 V 

Weight: 470 g 

Price: ~£35,000 

Note: CCD, charge-coupled device; FWHM, full-width half maximum; SNR: signal-to-noise ratio. 
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For the experimental investigation reported in this chapter, a demo of the S185 

FireflEYE hyperspectral camera was provided by Cubert. The demo camera, to-

gether with a laptop and the related Cubert software for running the hyperspectral 

acquisition, was then integrated in a setup specifically designed and built for the 

HSI test study of the exposed cortex of mice. The setup is shown in Fig. A.1. 

 Figure A.1: Picture of the HSI setup used for the exposed cerebral cortex imaging inves-

tigation with the S185 FireflEYE hyperspectral snapshot solution, highlight-

ing the major components and the position of the mouse. 
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A 4x achromatic microscope objective coupled with two achromatic doublet lenses 

(having focal lengths of 200 mm and 30 mm, respectively) were implemented in 

front of the snapshot camera, in order to achieve a FOV of about 4x4 mm. A tung-

sten-halogen white light source (Ocean Optics HL-2000-FHSA) was then utilised 

for the broadband illumination across the visible and NIR range [231], directing it 

to the exposed cortex area with a fibre optic needle. The S185 FireflEYE camera 

was then attached to a 3-axis linear translation stage for flexible positioning.  

 

A.1.1 Image characterisation of the commercial HSI solution

The spatial resolution, focusing and FOV of the aforementioned setup were then 

qualitatively tested using a calibrated resolution phantom. The resulting mono-

chrome greyscale image from such test can be seen in Fig. A.2, where the distance 

between each dotted line in the calibrated phantom is equal to about 0.5 mm.  

Figure A.2: On the right, the monochrome greyscale image of a calibrated resolution phan-

tom obtained with the tested HSI setup, showed in the picture on the left. The 

distance between each dotted line in the phantom is about 0.5 mm, while the 

thicker lines are 1 mm apart. 

 

Although the overall image shows high spatial resolution and contrast, the addition 

1 mm 
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of the optical assembly composed of the 4x achromatic objective and the two achro-

matic doublet lenses (which was necessary since the camera lens could not achieve 

the required FOV) had the disadvantage of introducing a mild degree of blurring 

and spherical aberration. The out-of-focus blurring effect was also more prominent 

for single spectral images in the hypercube at wavelength bands below 650 nm. 

This highlights one of the drawbacks of the tested commercial hyperspectral solu-

tion, which does not already come with an appropriate magnification lens suitable 

for imaging the exposed cortex of mice (the camera uses a 50-mm lens which is 

able to achieve only a FOV of about 2x2 cm). Furthermore, changing the lens of 

the S185 FireflEYE is not possible, since it is specifically calibrated and aligned 

with the internal pinhole for spectral acquisition (as previously described). 

 

A.2 Exposed cortex procedure and HSI data acquisition 

The HSI setup implementing the investigated S185 FireflEYE hyperspectral camera 

was then applied on the exposed cerebral cortex of five anesthetised healthy mice 

breathing normoxic, hyperoxic and several hypoxic gas mixtures in oxygen and ni-

trogen, until the death of the subjects (still under anaesthesia) at the end of the pro-

tocol. These oxygen-dependent levels were established by manipulating the FiO2 of 

the mice. These conditions were chosen again to reproduce and investigate the hae-

modynamic and metabolic response of the brain to variable levels of oxygenation. 

Particular emphasis was stressed on different degrees of hypoxia, as to simulate 

various levels of oxygen deprivation that are connected to multiple deleterious neu-

rophysiological circumstances, such as TBI and ischaemia, among others. 

 

A.2.1 Animal preparation 

The imaged mice (inbred strain C57bl/6 of average weight of about 20 g) were 

anesthetised via 1.5-2 % isoflurane in room air and then place on homoeothermic 

electric heating mat for maintaining them at constant temperature (37 °C). The scalp 

of each mouse was then surgically removed and partial craniotomy was performed 

over the right hemisphere of the skull, creating an exposed cortex window of about 

5 mm. The dura was moistened and cleaned with saline solution, before applying a 
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circular glass coverslip over a ring of Vaseline, as to prevent evaporation during 

imaging and contamination of the exposed cortex from ambient air. Finally, the 

head of each mouse was affixed to a titanium bar using dental cement in order to 

immobilize it and prevent movement artefacts in the images. Anaesthesia was main-

tained for the entire experimental procedure until the death of the animals. Pictures 

of the surgical window exposing the cortex and the positioning of one of the mice 

in the HSI setup are shown in Fig. A.3. 

Figure A.3: (Left) Microscope picture of the exposed cortex window in one of the imaged 

mice, where the glass coverslip and the titanium bar affixing the head are vis-

ible. (Right) The position of the same mouse in the tested HSI setup, showing 

also light illumination on the exposed cerebral cortex. 

 

A.2.2 Experimental procedure and data collection

The experimental imaging protocol performed on each mouse consisted of the fol-

lowing series of consecutive oxygen-dependent phases: normoxic baseline (FiO2 

=21%); hyperoxia (FiO2 = 100%); normoxia (FiO2 = 21%); hypoxia (FiO2 = 15%); 

normoxia (FiO2 = 21%); hypoxia (FiO2 = 10%); normoxia (FiO2 = 21%); hypoxia 

(FiO2 = 5%); anoxia and following death (FiO2 = 0%). During the initial normoxic 

baseline, 400 complete hypercubes (138 spectral bands) were acquired for a total 

recording time of 2 minutes, at 0.3 seconds delay between each hypercube. Subse-

quently, for each of the following phases, 1000 hypercubes were then acquired for 



 

300                         Appendix A. Investigation of a commercial HSI solution                                   

                                          

5 minutes, and again using 0.3 seconds delay between every hypercube. In addition 

to these, two complete hypercubes were also recorded (for each imaged mouse) for 

the white reflectance reference and the dark reference, respectively. The white re-

flectance reference hypercube was obtained by imaging a white standard phantom 

(included in the camera demo) with the same illumination, FOV, exposure time and 

focal distance used for the experiments, while the dark reference hypercube was 

simply acquired by running the hyperspectral camera with its lens covered at the 

same exposure time. The two abovementioned reference hypercubes of each mouse 

are necessary for the following data processing step, as it will be described exten-

sively in the next section. It must also be reported that the focal distance between 

the objective and the animals, as well as the exposure time of each acquired hyper-

cube, were adjusted according to every imaged mouse, due to inevitable differences 

in the positioning of each target animal and also in their inter-subject variability 

(size, position of the exposed cortex window, shape of the head and other factors). 

 

A.3 Hyperspectral data processing and analysis 

The processing and analysis of the hypercubes, which were recorded for each pro-

cedure step described in the previous section, was a fundamental part of the hyper-

spectral imaging process, in order to retrieve from such datasets significant quanti-

tative information regarding haemodynamics, oxygenation and metabolism in the 

targeted exposed cortex. It also represented a relatively challenging procedure, due 

to the sheer volume of data that was acquired for each subject (about 500-600 GB 

of raw data for every individual complete protocol). 

The hyperspectral data processing procedure was composed of the following 

steps: (1) correction of the raw hyperspectral cubes using the white reflectance ref-

erence and dark reference hypercubes; (2) time-averaging of the corrected hyper-

cubes for different time windows; (3) calculation of the haemodynamic and meta-

bolic maps of the changes in concentrations of HbO2, HHb and oxCCO from the 

final time-integrated hypercubes at two different spectral ranges; and (4) spectro-

scopic analysis on specific ROIs in the abovementioned maps.  

After data collection, the acquired raw hypercubes of each experimental phase 
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and of the white reflectance reference were corrected by subtracting the dark refer-

ence hypercube from each of them. This was done to eliminate the influence of the 

dark current noise that is inherently present in the camera due to its electronics. 

Afterwards, normalisation to the white reflectance reference was then performed 

for each of the hypercubes of the exposed cerebral cortex, by dividing them for the 

white reference hypercube. This converted the raw intensity data Iraw (λ) at each 

wavelength band λ of every hypercube into the corresponding reflectance values R 

(λ), for each pixel, as following: 

𝑅(𝜆) =
𝐼𝑟𝑎𝑤(𝜆) − 𝐼𝑑𝑎𝑟𝑘(𝜆)

𝐼𝑤ℎ𝑖𝑡𝑒(𝜆) − 𝐼𝑑𝑎𝑟𝑘(𝜆)
 . 

𝐼𝑤ℎ𝑖𝑡𝑒(𝜆) and 𝐼𝑑𝑎𝑟𝑘(𝜆) are the intensity values (in each pixel) at each wavelength 

band λ of the white reflectance reference and dark reference hypercubes, respec-

tively. In particular, the normalisation step in (A.1) was necessary for correcting a 

grid-like pattern in the raw images at each wavelength. This pattern is primarily due 

to a Moiré effect in the S185 FireflEYE camera and it is likely to be generated from 

the spatio-spectral interpolation process. This will be discussed more in details in 

the last section of this appendix, concerning strengths and weaknesses of the tested 

hyperspectral solution. 

Following the raw data pre-processing step, the corrected hypercubes carrying 

the information about the calculated reflectance R (λ) were integrated over time, as 

to improve image SNR. First, the 400 reflectance hypercubes of the normoxic base-

line were time-averaged over their whole 2-minutes acquisition time, as to obtained 

a single averaged baseline hypercube out of them. Afterwards, for the 1000 hyper-

cubes of each experimental condition, time-averaging was performed for every 100 

hypercubes in the 5-minute acquisition time interval, obtaining 10 averaged hyper-

cubes per each imaged condition: each corresponding to the averaged reflectance 

values R (λ) (per pixel) over 0.5 minutes of hyperspectral recording of the exposed 

cortex. Such operation permitted to improve image quality by reducing noise and, 

at the same time, maintaining temporal information of the measured light changes. 

Finally, the time-averaged hypercubes were used to reconstruct 2D maps of the 

relative concentration changes Δ[HbO2], Δ[HHb] and Δ[oxCCO] of HbO2, HHb 

(A.1) 
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and oxCCO in the imaged exposed cortex, between the normoxic baseline and all 

the other different oxygen-dependent conditions. Two sets of maps were obtained 

using the hyperspectral data at different spectral ranges: (1) between 778 and 902 

nm (32 wavelength bands), aiming at resolving both the haemodynamic and the 

metabolic response from the HbO2, HHb and CCO signals; and (2) between 650 

and 986 nm (85 wavelength bands), considering only the haemoglobin signal, as to 

enhance visualisation of the haemodynamic response. The full range of the camera 

was not utilised for this last calculation due critical image blurring and excessive 

amount of noise in the hypercubes below 650 nm, as mentioned in Sec. A.1.1. An-

yway, this helped reducing the computation time of the calculations. The choice of 

the NIR range approximately between 780 and 900 nm is required for specifically 

targeting only the optical spectral signature of the copper CuA redox centre of CCO, 

which is predominant in such interval [187]. Such approach is the one typically 

adopted for in vivo bNIRS of the brain, as already explained in Sec. 2.5.6. 

MBLL, as in (2.29), was applied for the calculation of the maps in both the two 

spectral ranges. First, reflectance attenuation ∆𝐴(𝜆)𝑘,𝑙 between the normoxic base-

line and each other i-th conditions was calculated for each pixel k, l and every se-

lected wavelength λ of the hypercubes (according to the considered spectral range), 

using their values of reflectance 𝑅𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒(𝜆)𝑘,𝑙 and 𝑅𝑖(𝜆)𝑘,𝑙  respectively 

∆𝐴(𝜆)𝑘,𝑙 = − log10 (
𝑅𝑖(𝜆)𝑘,𝑙

𝑅𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒(𝜆)𝑘,𝑙
) . 

From the reflectance attenuation values in (A.2), all the haemodynamic and meta-

bolic maps of Δ[HbO2], Δ[HHb] and Δ[oxCCO] were reconstructed by applying 

MBLL, pixel by pixel: (1) for the 650 to 986 nm range, this was done only for HbO2 

and HHb, as in (2.29) in Sec. 2.5.3; (2) for the smaller range (778-902 nm), the 

method in (2.29) was extended to three chromophores (HbO2, HHb and oxCCO). 

A unitary photon pathlength PL (λ) was considered for both the two spectral ranges, 

thus the resulting changes in concentrations were all obtained per unit pathlength 

(μM·cm). To reconstruct the concentration change maps of every averaged hyper-

cube in the selected spectral range and corresponding to the related time interval 

and oxygen-dependent condition, two sets of systems of algebraic equations (per 

(A.2) 
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each pixel k, l) were then obtained, for the two different numbers of analysed wave-

length bands. For the range 650-986 nm with 85 spectral bands: 

[

∆𝐴(∆𝑡, 𝜆1)

∆𝐴(∆𝑡, 𝜆2)
⋮

∆𝐴(∆𝑡, 𝜆85)

] =

[
 
 
 
 

𝜀HbO2
(𝜆1) εHHb(𝜆1)

𝜀HbO2
(𝜆2) εHHb(𝜆2)

⋮ ⋮
𝜀HbO2

(𝜆85) εHHb(𝜆85)]
 
 
 
 

× [
∆[HbO2]𝑘,𝑙

∆[HHb]𝑘,𝑙
]  . 

Similarly, for the range 778-902 nm with 32 spectral bands: 

[

∆𝐴(∆𝑡, 𝜆1)

∆𝐴(∆𝑡, 𝜆2)
⋮

∆𝐴(∆𝑡, 𝜆32)

] =

[
 
 
 
 

𝜀HbO2
(𝜆1) εHHb(𝜆1)

𝜀HbO2
(𝜆2) εHHb(𝜆2)

⋮ ⋮
𝜀HbO2

(𝜆32) εHHb(𝜆32)

εdiffCCO(𝜆1)

εdiffCCO(𝜆2)
⋮

εdiffCCO(𝜆32)]
 
 
 
 

× [

∆[HbO2]𝑘,𝑙

∆[HHb]𝑘,𝑙

∆[oxCCO]𝑘,𝑙

]  . 

Reference spectra for the molar extinction coefficients εHbO2
 and εHHb of haemoglo-

bin were obtained from Matcher et al [261], while the oxidised-reduced molar ex-

tinction coefficients εdiffCCO for CCO were measured in vivo at UCL [6]. Both sets 

of extinction coefficients are reported in Tab. B.1 of the Appendix B. 

Both the two sets of algebraic systems in (A.3) and (A.4) can be also written in 

matrix format, as 

�⃗⃗⃗� = 𝐄 �⃗⃗� . 

�⃗⃗⃗� is the vector of the light attenuation changes ∆𝐴(𝜆)𝑘,𝑙, E is the matrix of the molar 

extinction coefficients of HbO2, HHb and oxCCO and �⃗⃗�  is the vector of the relative 

changes in the concentrations of HbO2, HHb and oxCCO. Since the molar extinc-

tion coefficient matrix E is not invertible, to solve (A.5) for each pixel, the Moore-

Penrose pseudo-inverse matrix E+ was calculated via singular value decomposition 

(SVD) [211], [212], [262]. Thus, the previous sets of systems in (A.5) become 

 �⃗⃗� = 𝐄+�⃗⃗⃗� . 

The haemodynamic and metabolic maps for both spectral ranges are finally obtain-

(A.3) 

(A.4) 

(A.5) 

(A.6) 
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ed by solving the two sets of systems of algebraic equations in (A.6) for the respec-

tive unknowns Δ[HbO2]k,l, Δ[HHb]k,l and Δ[oxCCO]k,l and for each pixel k, l. 

In the last step of the hyperspectral data processing, spectroscopy analysis was 

also conducted on specific ROIs in all the haemodynamic and metabolic maps of 

the exposed cortex, choosing in particular: (1) a ROI within the imaged major vas-

culature of the brain, and (2) a ROI including only the surrounding cerebral cortex 

tissue (with no major vessels). Both the two selected ROIs were composed of 20x20 

pixels of the hyperspectral images. For the haemodynamic maps in the broader 

range (650-986 nm), only the first ROI inside the major vessels was targeted. These 

two ROIs were specifically chosen to isolate and emphasise each of the two physi-

ological responses: the haemodynamic response is assumed to be primarily local-

ised within the vasculature boundaries, while the metabolic response should only 

be located in the surrounding tissue, where the core of the cerebral mitochondrial 

activity takes place. Each spectroscopic analysis was then accomplished by spa-

tially averaging the relative concentration changes Δ[HbO2]k,l, Δ[HHb]k,l and Δ[ox-

CCO]k,l of HbO2, HHb and oxCCO across all the pixels k, l of the abovementioned 

ROIs in the maps (according to the considered spectral range), in order to obtain 

the temporal trends of the spatial average variations <Δ[HbO2]>, <Δ[HHb]> and 

<Δ[oxCCO]>  of the changes in concentrations of HbO2, HHb and oxCCO for each 

experimental condition in their whole 5-minute intervals.  

 

A.4 Results of the investigation with the tested setup 

The first part of the examination of the in vivo results obtained with the S185 Fire-

flEYE solution involves the analysis of the hyperspectral images of the exposed 

brain cortex and the related reflectance spectra, after the pre-processing procedure 

(as described in Sec A.3). This is done to preliminary assess the overall attained 

image quality of the hyperspectral data provided by the commercial camera within 

the experimental setup. Fig. A.4 shows both a red-green-blue (RGB) picture of the 

exposed cortex of one of the mice, taken with a surgical microscope, and the corre-

sponding greyscale image of the same target. The latter image was collected with 

the tested HSI setup during the normoxic baseline, by spectrally integrating all the 
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wavelength bands (138) in the corresponding hypercube (a procedure the camera 

does automatically). The exposure time for the greyscale image was set to 40 ms, 

as to maximise the intensity of the light measured on the white reflectance standard. 

The greyscale broadband image obtained with the snapshot camera provides quali-

tatively good spatial resolution and visualisation of the details of the exposed cere-

bral cortex, compared with the RGB image of the FOV: both major vessels (esti-

mated size of ~150 μm) as well as a large part of the smaller ones (~50-60 μm) are 

resolved. Estimates of the dimensions of the vasculature is based on the calibration 

of the FOV, as described in Sec. A.1.1.  

Figure A.4: (Left) RGB microscope picture of the imaged exposed cerebral cortex in one 

of the tested mice; (Right) Spectrally-averaged greyscale image of the same 

exposed cortex, acquired during normoxic baseline with the investigated HSI 

commercial setup (at 40 ms exposure time). 

 

However, from the corresponding spectral images of the same hypercube at single 

wavelength bands (as shown in Fig. A.5, depicting the target imaged specifically at 

650 and 750 nm), image contrast and spatial resolution appears considerably lower, 

with only the major vasculature distinctly resolved. This decrement in image con-

trast is primarily caused by: (1) the wavelength-dependent change in intrinsic con-

trast provided by haemoglobin at specific spectral bands (less contrast from visible 

to NIR light), and (2) variations in camera focusing at different imaged wave-

lengths, as already mentioned in Sec. A.1.1. Furthermore, the images at single spec-

tral bands also display a significantly larger amount of noise, compared to both the 

0.5 mm 
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RGB microscope image and the monochrome image depicted in Fig. A.4. The de-

crease in spatial resolution for longer wavelengths in the spectral images is also 

linked to an increase in scattering in the NIR range. 

Figure A.5: (Left) Spectral image of the exposed cortex at 650 nm; (Right) Spectral image 

of the same cortex at 750 nm. Both images are extracted by one the hypercubes 

acquired during normoxic baseline with the HSI setup (40 ms exposure time). 

 

More extensive analysis on image noise at different wavelengths and on overall 

spectral quality of the HSI data is then performed by examining the average reflec-

tance spectra of the previous hypercubes in specific ROIs of pixels. For this ap-

proach, a region of 20x20 pixels was chosen within the major vasculature imaged 

in the greyscale image. The averaged reflectance spectra in this ROI (calculated by 

spatially averaging the reflectance of the hypercubes across all the pixels of the 

ROI) between the normoxic baseline and the other experimental conditions are also 

compared. Fig. A.6 shows an example of the outcome of this analysis, reporting the 

averaged spectra of the normoxic baseline and the last phase (FiO2 from 5% to 0%, 

with subsequent anoxic death of the mouse). In particular, these two conditions are 

compared since they should theoretically present the largest difference in the shape 

and intensity of the spectra and thus the highest contrast in the data. Again, only the 

spectral bands above 650 nm are considered due to issue with data quality in the 

visible range of the setup. As it can be seen from the curves, the reflectance spectra 

present the expected outline and shape corresponding to brain tissue absorption in 

the NIR range, with a significant dip around 770 nm, consistent with the absorption 

0.5 mm 0.5 mm 
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peak of HHb (as seen Fig. 2.9 in Sec. 2.5.3). Furthermore, below 800 nm (corre-

sponding approximately to the isobestic point of the absorption spectra of HbO2 and 

HHb), the measured reflectance intensity is higher for the normoxic baseline con-

dition than the anoxic one, due to the increase in the relative concentration of HHb 

in response to the total lack of oxygenation. Contrarily, an opposite trend appears 

on the right of the isobestic point, where absorption from HbO2 becomes predomi-

nant and the relative concentration of such chromophore is predicted to drastically 

decrease during anoxia. All the previous spectral features are thus consistent with 

what physiologically expected. Nevertheless, the spectral analysis confirms the ex-

tent of the noise in the data that was already evident in the images in Fig. A.5. The 

averaged reflectance spectra at 40 ms have indeed a less smooth profile compared 

with the typical intensity spectra obtained in bNIRS [6]. This is particularly evident 

and amplified in the range above 850 nm, which is a fundamental portion of the 

spectra, since it partially overlaps with the broad oxCCO peak at about 830 nm (as 

seen in Fig. 2.15 in Sec. 2.5.6). 

Figure A.6: Spatially-averaged reflectance spectra in a ROI within the major vasculature 

of the exposed cortex. These spectra are extracted from the hypercubes ac-

quired during normoxic baseline (in blue) and the last hypoxic condition (in 

red), for FiO2 from 5% to anoxic death of the mouse (at 40 ms exposure time). 

 

To try to overcome the aforementioned issue, the exposure time of the hyper-

cubes was increased to 70 ms for the following mice, pushing the intensity of the 
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reflected light measured on the white reflectance standard almost to the saturation 

value of the camera (12 Bit). This was done in order to enhance image SNR as much 

as possible. The optimal selection of the exposure time was one the critical points 

with the S185 FireflEYE setup, as it will be discussed in details in the next section. 

Afterwards, this maximum exposure time (70 ms) was chosen for the acquisition of 

the final hypercubes used in all the haemodynamic and metabolic map calculations, 

since it provided the highest SNR achievable.  

Results of the haemodynamic and metabolic maps of Δ[HbO2], Δ[HHb] and 

Δ[oxCCO] obtained for one of the mice at 70 ms of exposure time and for the NIR 

range between 778-902 nm (32 spectral bands) are shown in Fig. A.7. 

Figure A.7: Maps of the relative changes in concentration (per unit pathlength) of HbO2 

(b), HHb (c) and oxCCO (d) in the exposed cerebral cortex of a mouse during 

transition from hypoxia to death (FiO2 from 5% to 0%), analysed in the spec-

tral range between 778 and 902 nm. The maps are compared with the greyscale 

image of the same cortex, acquired during normoxic baseline (a). The expo-

sure time for the hypercubes is equal to 70 ms. 
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These maps correspond to the last oxygen-dependent condition (FiO2 from 5% to 

0% and anoxic death) at the time-averaged window between 4.5 and 5 minutes from 

the beginning of the experimental phase. Again, such condition is found to be the 

one providing the highest contrast and thus the best image quality of the maps, since 

the largest relative concentration changes occurred.  

Although increasing the exposure time provides an overall improvement to the 

spectral data (compared to the previous hypercubes), the presence of significant 

noise still deeply affects the quality of the abovementioned maps. Image contrast in 

the maps is also low. Despite this issue, the haemodynamic response on the major 

vessel can still be localised for HbO2 and HHb, although it appears blurred and 

spread also outside the vasculature. The map of oxCCO results even much noisier 

and only a very slight localisation of the metabolic response is possible. Spatial 

resolution of all the maps is also limited to indistinct shapes and features of the 

major vasculature. The smaller vessels are almost completely indiscernible. In gen-

eral, the metabolic map of oxCCO shows a better visualisation of the details of the 

vasculature compared to the haemodynamic maps. This may be due to the selection 

of the analysed spectral range, which specifically favour the detection of the cyto-

chrome signal associated with the CuA redox centre. 

Fig. A.8 reports the corresponding spectroscopic analysis on the reconstructed 

maps of Fig. A.7, for both the ROIs inside and outside the major vasculature (as 

described in the previous section). The first analysed ROI (inside the major vessels) 

provides results consistent with the expected vascular haemodynamic response of 

HbO2 and HHb for all the experimental conditions (as described in Sec. 2.5.3). The 

magnitude of the response of <Δ[HbO2]> and <Δ[HHb]> is considerably lower for 

the ROI in the surrounding tissue (and almost null in the initial normoxic and hy-

peroxic conditions), again as predicted, since an area outside the vasculature is ex-

amined. The haemodynamic response in the second ROI only increases and be-

comes significant in the last phases, possibly due to the increase in the magnitude 

of the haemodynamic response in the microvasculature of the grey matter, as well 

as to the spreading of the signal from HbO2 and HHb outside the vessels. Relative 

changes in <Δ[oxCCO]> are also observed in both the two selected ROIs, even 

though very small or negligible variations are expected to appear in the area within 
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the vessels, as mentioned previously. Nonetheless, due to the significant amount of 

noise in the metabolic map, it is difficult to attribute such changes to actual meta-

bolic variations in the brain tissue due to hypoxia, and thus to interpret them ac-

cordingly. The influence of the noise in the data is evident from the values of the 

standards deviations of <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> in both ROIs. 

Figure A.8: Spectroscopic analysis in two ROIs of the maps of the imaged exposed cortex 

of a mouse, showing the temporal trends of the spatial averages of Δ[HbO2] 

(red), Δ[HHb] (blue) and Δ[oxCCO] (green), in the spectral range between 

778 and 902 nm, during all the different oxygen-dependent conditions of the 

experiment. The first ROI (top image) lies all within a major vessel, while the 

second (bottom image) includes only the surrounding brain tissue. 

 

Finally, Fig. A.9 presents the reconstructed haemodynamic maps of Δ[HbO2] 
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and Δ[HHb] in the broader visible and NIR range between 650 and 986 nm (85 

wavelength bands), for the same mouse as before. Similar to the previous maps in 

Fig. A.7, they report the relative concentration changes of the two forms of haemo-

globin during the last hypoxic condition (FiO2 from 5% to anoxic death), at the 

time-averaged window between 4.5 and 5 minutes from its beginning.  

Figure A.9: Maps of the relative changes in concentration (per unit pathlength) of HbO2 

(a) and HHb (b) in the exposed brain cortex of a mouse during transition from 

hypoxia to death (FiO2 from 5% to 0%), analysed in the spectral range between 

650 and 986 nm. The exposure time for the hypercubes is equal to 70 ms. 

 

The spatial resolution of these maps appears significantly higher compared to the 

previous ones for the narrower spectral range (Fig. A.7). Detailed visualisation of 

the larger vasculature, as well as the smaller one, is achieved with considerably 

higher image contrast and less noise. The vascular haemodynamic response of both 

HbO2 and HHb is also much more clearly resolved and more contained within the 

boundaries of the vasculature, especially for HHb. Spreading of the haemodynamic 

response outside the vessels is still noticeable for HbO2, though with a minor degree 

of diffusion, compared to the extravascular changes. 

The improvement in the spatial localisation of the haemodynamic responses for 

the wider spectral range is furtherly demonstrated by the results of the related spec-

troscopic analysis of the ROI inside the major vasculature, as shown in Fig. A.10. 

The temporal trends of both <Δ[HbO2] >and <Δ[HHb]> in the broader range be-

tween 650 and 986 nm reflect again the expected haemodynamic changes in the 

vasculature during almost all the experimental phases (a slower return to baseline 

a) b) 
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after hyperoxia may be identifiable). In comparison with the same analysis per-

formed on the calculated maps for the range between 778-902 nm, the magnitude 

of the relative change in concentration of HbO2 and HHb, especially in the phases 

of acute hypoxia and death, results more limited. However, it is difficult to assess 

the accuracy of the quantification of any of the responses in both cases, due to the 

lack of estimate of the photon pathlengths. 

Figure A.10: Spectroscopic analysis in the ROI within the major vasculature of the hae-

modynamic maps of the exposed cortex of a mouse, calculated in the spectral 

range between 650 and 986 nm. The plots represent the corresponding the 

temporal trends of the spatial averages of Δ[HbO2] (red) and Δ[HHb] (blue) 

during all the different oxygen-dependent conditions of the experiment. 

 

In general, the enhanced image quality of the maps and the superior accuracy 

in the estimation of the associated haemodynamic responses for the wider spectral 

range (650-986 nm) may be attributed to two different factors: (1) the more com-

plete and extensive spectral information provided by the higher number of analysed 

wavelength bands, particularly including the absorption peak of HHb around 750 

nm, and (2) the better focusing and spatial resolution in the single spectral images 

of the hypercubes in the range between 650 and 750 nm, as emerged also from the 

qualitative analysis of the profiles of the reflectance spectra. 

 

A.5 Discussion and conclusions 

The results of the testing and investigation on the setup integrating the Cubert S185 
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FireflEYE camera have underlined the general strengths and potentials of this com-

mercial solution. Nevertheless, several weaknesses and critical aspects in the appli-

cation of the tested solution to the in vivo monitoring of the haemodynamic and 

metabolic states of the exposed cortex have also emerged from the experiments. 

Some of these issues were already briefly mentioned throughout the whole appen-

dix and they are now discussed more extensively in this section. 

Among the advantages provided by the S185 FireflEYE camera, the high spec-

tral resolution and sampling over a relatively large range, covering both visible and 

NIR light, are certainly the most significant. Such characteristics allow great flexi-

bility for the application, with the capability to also enhance image contrast pro-

vided by the haemodynamic response by exploiting the higher absorption of hae-

moglobin in the visible range. However, the very large number of spectral bands 

(138) offered by the camera is not essential for the detection of the metabolic re-

sponse between 780 and 900 nm: Arifler et al [194] proved that, for bNIRS, 8 op-

timal NIR wavelengths already provide minimum differences compared to the ‘gold 

standard’ of 121 wavelengths (1-nm sampling in the range 780-900 nm), as demon-

strated also for HSI in Chapter 3. 

Additionally, the commercial camera has also the benefit of employing a snap-

shot acquisition mode, which is the faster modality for hypercube reconstruction, 

as well as minimising the risk of motion artefacts. Furthermore, choosing an off-

the-shelf solution would reduce the efforts in designing and developing a complex 

HSI system with many components, although it also makes more difficult to imple-

ment modifications and customisation in the setup. 

Regarding the major issues with the S185 FireflEYE camera, the following 

ones represent crucial limitations for the applications of such device to the moni-

toring of brain metabolism and haemodynamics: (1) low spatial resolution, partic-

ularly related to the small size (50x50 pixels) of the CCD sensor used for the spec-

tral detection; (2) difficulty in achieving the required FOV without the use of addi-

tional optical instrumentation that cannot efficiently and accurately be coupled with 

the existing lens of the camera (as demonstrated during the investigation); (3) rela-

tively small dynamic range, which causes sensitivity of the camera to over-illumi-

nation and to detector count saturation. In particular, this last drawback generated 
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difficulties in the correct choice of the exposure time during the experiment, since 

over-illumination appeared to change in severity according to the different spectral 

bands. Furthermore, the spectral variability of the over-exposure is also connected 

to a technical problem in the snapshot acquisition approach employed by this spe-

cific HSI camera, i.e. the manifestation of a grid pattern artefact in the uncorrected 

raw images at every spectral band, due to Moiré effect. As mentioned earlier, such 

optical aberration is most likely to be the product of the interpolation between the 

spectral and the spatial data acquired by the two internal CCD sensors for the re-

construction of the hypercubes (and the use of a pinhole for the spectral acquisition). 

An example of this effect is shown in Fig. A.11. 

Figure A.11: (Left) Spectrally-averaged greyscale image of the exposed cortex, acquired 

during normoxic baseline with the investigated HSI setup. (Right) Uncor-

rected raw spectral image of the same cortex at 800 nm, with the grid pattern 

artefact clearly visible. 

 

Since this artefact is present in every raw spectral image, including the ones for the 

white reflectance reference, the white reference correction typically eliminates this 

effect in the processed hypercubes. However, if the white reflectance images were 

over-illuminated for some spectral bands, then it resulted impossible to correct the 

aberration. This can be seen in Fig. A.12, where the magnitude of the over-illumi-

nation reached a maximum in proximity of the peak of the emission spectrum of the 

white light source used in the experiments (as expectable), while on the edges of 

the spectral range, very little or none over-exposure of the images was present. 

0.5 mm 0.5 mm 
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Thus, the over-illuminated spectral images did not present the grid pattern and could 

not be used for the white correction of the hypercubes. 

Figure A.12: Severity of the over-illumination in the raw hypercubes at different spectral 

bands, corresponding to different portions of the emission spectrum of the 

source (in the red square). The raw images (grey squares) of the white reflec-

tance standard all show the grid pattern due to Moiré effect, compared to the 

monochrome one (teal square). The over-exposure at some spectral bands 

prevent the use of the white reflectance hypercube for image correction dur-

ing pre-processing. 

 

During the in vivo investigation, the tested HSI solution has shown its capability

to localise the haemodynamic response in the exposed cortex from the reconstructed 

maps in both the two analysed spectral ranges. Furthermore, the spectroscopic anal-

ysis in a ROI centred in the vasculature retrieved correct time-varying haemody-

namic information from the exposed cortex under different oxygen-dependent con-

ditions. However, although the spatial resolution of the haemodynamic maps was 

adequate to resolve and differentiate between vessels and surrounding brain tissue 

for the range 650-986 nm (thanks to the higher intrinsic contrast provided by hae-

moglobin between 650 and 770 nm), it was not high enough for imaging all the 

vasculature details in the selected range for the detection of the CCO signal (778-

902 nm). Consequently, the corresponding results of the spectroscopic analysis in 

a ROI centred in the brain tissue (outside the vasculature) for the metabolic response 

of CCO were difficult to interpret and to associate to any physiological change in 



 

316                         Appendix A. Investigation of a commercial HSI solution                                   

                                          

the monitored brain tissue. Better focusing and magnification may be necessary to 

achieve this goal and to improve image quality. Therefore, the limited spatial reso-

lution of the S185 FireflEYE camera at the required FOV made impossible the as-

sessment of the correct evaluation of the metabolic response. Better SNR and en-

hanced image quality of the hypercubes are necessary, in order to discern the 

smaller changes in oxCCO (about 10 times lower than haemoglobin) in the specific 

NIR wavelength interval.   

Finally, the cost of the tested equipment (about £35,000) has to be taken into 

consideration for the final evaluation, specifically in association with the results 

obtained with the in vivo testing. Improving the outcomes of the investigation on 

the exposed cortex of mice certainly requires implementation of additional lenses 

and further support from the manufacturing company. Thus, a non-commercial cus-

tomised solution, using different single components (sources, detectors, filters and 

optical assembly) specifically coupled together to achieve hyperspectral image ac-

quisition, even with a lower number of imaged wavelength bands, permits to obtain 

better imaging results at significantly lower expenses, as demonstrated with the 

hNIR system developed in this thesis.  

Considering all the previous points, the current commercial HSI setup was 

found not suitable for in vivo metabolic monitoring, without customising steps. 

 

A.5.1 Critique of the methods 

Compared to the technical characterisation of the hNIR system in Chapter 5, the 

testing and evaluation of the S185 FireflEYE camera was not as rigorous, exhaus-

tive and quantitative. This was due to the limited time for which the Cubert demo 

was available for testing (one week) and the lack of some specific equipment (e.g. 

calibration tests) during that period. A more quantitative image characterisation, 

measuring spatial resolution, contrast and SNR of the S185 FireflEYE camera (as 

done for the hNIR system in Sec. 5.3) would be preferred for an optimal assessment 

of the commercial device, beyond its technical specifications provided by Cubert. 

 Similarly, a more accurate evaluation of the performances of the setup includ-

ing the S185 FireflEYE camera for mapping and monitoring the haemodynamic and 

metabolic states of the exposed cortex via targeting of changes in HbO2, HHb and 
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oxCCO could have included also testing and validation of the commercial solution 

on liquid optical phantoms (as done for hNIR in Chapter 6). However, again due to 

the limited time with the demo, it was preferred to apply the S185 FireflEYE camera 

directly in vivo on the exposed cortex of mice.  

 

A.5.2 Summary of the outcomes 

A high-performance commercial snapshot hyperspectral camera (Cubert FireflEYE 

S185) was implemented in a benchtop setup and applied in vivo on the exposed 

cortex of mice during different brain oxygenation stimuli, as part of ongoing studies 

at UCL Institute of Neurology to monitor and map cerebral haemodynamics and 

metabolism. The results of the investigations with the commercial setup demon-

strated its capability to image vascular oxygenation and retrieve information about 

haemodynamics in vivo, yet the snapshot camera failed at recovering reliable signal 

from CCO and metabolism. The major weakness of the camera was its low spatial 

resolution for the specific application.
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Appendix B 

 

Appendix B: List of coefficients 

 
Tab. B.1 in this appendix reports the absorption coefficients μa,H2O (λ) and μa,fat (λ) 

of water and fat, respectively, as well as the molar extinction coefficients εHbO2 
(λ), 

εHHb (λ), εoxCCO (λ) and εredCCO (λ) of HbO2, HHb, oxCCO and redCCO, respectively, 

that were used to calculate the absorption properties of the simulated domains with 

the MC framework in Chapter 3, Chapter 6 and Chapter 7, with corresponding ref-

erences or sources. εHbO2 
(λ) and εHHb (λ) were also used in (4.7), (5.5), (6.4), (A.3) 

and (A.4). The oxidised-reduced difference molar extinction coefficients εdiffCCO (λ) 

of CCO used in (4.7), (5.5), (6.4) and (A.4) are also reported in Tab. B.1, with 

corresponding references or sources. 

 

Table B.1: Values in the NIR range between 780 and 900 nm of: (1) the absorption coef-

ficients μa,H2O (λ) and μa,fat (λ) of water and fat, respectively; (2) the molar ex-

tinction coefficients εHHb (λ), εoxCCO (λ) and εredCCO (λ) of HbO2, HHb, oxCCO 

and redCCO, respectively; and (3) the oxidised-reduced difference molar ex-

tinction coefficients εdiffCCO (λ) of CCO. References and sources of these values 

are also provided. 

Wave-

length 

[nm] 

μa,H2O 

[cm-1] 

μa,fat 
[cm-1] 

εHbO2 

[M-1cm-1] 

εHHb 
[M-1cm-1] 

εoxCCO 
[M-1cm-1] 

εredCCO 
[M-1cm-1] 

εdiffCCO 
[M-1cm-1] 

Matcher 

et al [209] 

Van Veen 

et al [210] 

Matcher 

et al [114] 

Matcher 

et al [114] 

Measured 

by J. Moody 

[6] 

Measured by 

J. Moody [6] 

Measured 

at UCL [6] 

780 

781 

782 

783 

784 

785 

0.01142 

0.01127 

0.01118 

0.01117 

0.01099 

0.01087 

0.00409 

0.00391 

0.00378 

0.00366 

0.00360 

0.00357 

735.8251 

741.9921 

748.2894 

754.7170 

761.1011 

767.9195 

1104.715 

1080.047 

1056.812 

1036.922 

1017.031 

997.2270 

3755.500 

3764.925 

3773.988 

3784.138 

3791.388 

3798.275 

1794.484 

1790.206 

1786.436 

1781.724 

1776.323 

1770.849 

2049.479 

2060.684 

2071.889 

2084.570 

2097.382 

2107.544 
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786 

787 

788 

789 

790 

791 

792 

793 

794 

795 

796 

797 

798 

799 

800 

801 

802 

803 

804 

805 

806 

807 

808 

809 

810 

811 

812 

813 

814 

815 

816 

817 

818 

819 

820 

821 

822 

823 

824 

825 

826 

827 

828 

0.01072 

0.01055 

0.01061 

0.01053 

0.01036 

0.01024 

0.01022 

0.01012 

0.01005 

0.00983 

0.00974 

0.00969 

0.00964 

0.00951 

0.00956 

0.00951 

0.00936 

0.00939 

0.00935 

0.00932 

0.00928 

0.00923 

0.00929 

0.00938 

0.00942 

0.00952 

0.00958 

0.00969 

0.00964 

0.00984 

0.00995 

0.01011 

0.01021 

0.01019 

0.01047 

0.01056 

0.01060 

0.01093 

0.01123 

0.01144 

0.01218 

0.01260 

0.01333 

0.00355 

0.00353 

0.00349 

0.00346 

0.00346 

0.00347 

0.00347 

0.00347 

0.00352 

0.00359 

0.00369 

0.00379 

0.00387 

0.00393 

0.00403 

0.00413 

0.00424 

0.00434 

0.00442 

0.00454 

0.00467 

0.00482 

0.00497 

0.00511 

0.00527 

0.00547 

0.00567 

0.00583 

0.00594 

0.00603 

0.00615 

0.00633 

0.00654 

0.00674 

0.00691 

0.00708 

0.00724 

0.00740 

0.00758 

0.00775 

0.00786 

0.00796 

0.00799 

774.0865 

780.6009 

787.2022 

793.8903 

800.3179 

806.7889 

813.1730 

819.4703 

826.2018 

832.8031 

838.9701 

845.5714 

852.1726 

858.6002 

865.0712 

871.3685 

877.7960 

884.2670 

890.6946 

897.0787 

903.5497 

909.9772 

916.1876 

922.4849 

928.8690 

935.1663 

941.3767 

947.5437 

953.6673 

960.0514 

966.3487 

972.5591 

978.6392 

984.5456 

990.8429 

997.0533 

1002.960 

1008.823 

1015.033 

1020.853 

1027.020 

1033.056 

1039.050 

981.9398 

966.5658 

951.2786 

938.2498 

926.1764 

914.0596 

903.1588 

893.6912 

884.1801 

874.9731 

867.3729 

859.7728 

852.1726 

845.8754 

839.6650 

833.5848 

828.2864 

823.5092 

818.7754 

814.3890 

810.9147 

807.3100 

803.7922 

801.1865 

798.4938 

795.8881 

793.8903 

791.9794 

790.1988 

788.5919 

787.2022 

785.8993 

784.6833 

783.9884 

783.2067 

782.5118 

781.9906 

781.5129 

780.9918 

780.6878 

780.6009 

780.3838 

780.2969 

3805.525 

3814.588 

3822.200 

3827.638 

3835.250 

3842.500 

3850.475 

3855.913 

3862.438 

3867.513 

3872.225 

3878.025 

3878.388 

3887.088 

3891.075 

3897.963 

3900.138 

3903.038 

3907.750 

3912.825 

3915.363 

3919.350 

3920.438 

3925.513 

3930.588 

3933.488 

3935.300 

3937.475 

3937.475 

3940.375 

3942.550 

3943.275 

3944.000 

3944.363 

3944.725 

3944.363 

3942.550 

3939.288 

3940.013 

3939.650 

3938.925 

3937.113 

3935.300 

1764.759 

1760.083 

1754.065 

1748.591 

1742.864 

1737.716 

1732.243 

1725.428 

1720.570 

1714.154 

1708.136 

1702.300 

1693.818 

1691.751 

1685.843 

1680.333 

1674.968 

1669.276 

1666.703 

1661.011 

1655.973 

1651.224 

1647.273 

1643.684 

1642.451 

1639.080 

1636.978 

1632.736 

1628.966 

1625.704 

1623.746 

1619.831 

1616.025 

1612.038 

1609.138 

1604.969 

1602.359 

1597.393 

1596.196 

1594.819 

1592.861 

1590.106 

1587.786 

2117.750 

2126.566 

2135.469 

2142.766 

2150.062 

2156.663 

2163.264 

2175.729 

2188.149 

2200.961 

2213.642 

2227.323 

2241.046 

2251.209 

2261.328 

2266.018 

2270.709 

2275.616 

2280.611 

2286.430 

2292.119 

2298.504 

2304.931 

2310.794 

2316.614 

2320.609 

2324.692 

2327.514 

2330.294 

2332.900 

2335.505 

2338.198 

2340.891 

2343.583 

2346.319 

2347.188 

2348.013 

2346.493 

2344.886 

2342.324 

2339.718 

2336.287 

2332.900 
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829 

830 

831 

832 

833 

834 

835 

836 

837 

838 

839 

840 

841 

842 

843 

844 

845 

846 

847 

848 

849 

850 

851 

852 

853 

854 

855 

856 

857 

858 

859 

860 

861 

862 

863 

864 

865 

866 

867 

868 

869 

870 

871 

0.01384 

0.01459 

0.01510 

0.01586 

0.01638 

0.01656 

0.01699 

0.01740 

0.01740 

0.01758 

0.01773 

0.01795 

0.01813 

0.01805 

0.01814 

0.01822 

0.01835 

0.01848 

0.01856 

0.01883 

0.01898 

0.01913 

0.01908 

0.01936 

0.01931 

0.01930 

0.01934 

0.01959 

0.01960 

0.01969 

0.01972 

0.01981 

0.02001 

0.02002 

0.02008 

0.01996 

0.02034 

0.02021 

0.02045 

0.02044 

0.02085 

0.02108 

0.02116 

0.00802 

0.00803 

0.00803 

0.00801 

0.00794 

0.00785 

0.00775 

0.00764 

0.00757 

0.00751 

0.00739 

0.00726 

0.00715 

0.00703 

0.00692 

0.00685 

0.00678 

0.00669 

0.00661 

0.00651 

0.00643 

0.00637 

0.00633 

0.00632 

0.00631 

0.00633 

0.00639 

0.00647 

0.00656 

0.00662 

0.00666 

0.00674 

0.00680 

0.00690 

0.00705 

0.00724 

0.00751 

0.00786 

0.00822 

0.00860 

0.00899 

0.00938 

0.00979 

1044.652 

1050.428 

1056.117 

1061.850 

1067.713 

1073.619 

1079.439 

1084.824 

1090.427 

1095.942 

1101.501 

1106.930 

1112.532 

1117.917 

1122.999 

1128.297 

1133.595 

1138.807 

1143.888 

1149.100 

1154.398 

1159.306 

1164.213 

1169.121 

1173.898 

1178.719 

1183.887 

1188.186 

1193.094 

1197.697 

1202.301 

1206.774 

1211.074 

1215.286 

1219.673 

1224.189 

1228.272 

1232.180 

1236.393 

1240.388 

1244.601 

1248.683 

1252.592 

780.2100 

780.2100 

780.2100 

780.2100 

780.2100 

780.2969 

780.2969 

780.3838 

780.5140 

780.6878 

780.9918 

781.2958 

781.5129 

781.8169 

782.1209 

782.5118 

783.1198 

783.6844 

784.2924 

784.8136 

785.4216 

785.8993 

786.8982 

787.8102 

788.8091 

789.8948 

790.9805 

792.1097 

793.2823 

794.7155 

796.1052 

797.4950 

799.1018 

800.7087 

802.3156 

804.1831 

806.0940 

808.0049 

810.0026 

812.0004 

814.0850 

816.3868 

818.6885 

3933.850 

3932.038 

3929.500 

3927.325 

3924.425 

3922.975 

3921.888 

3921.525 

3919.713 

3913.188 

3906.663 

3902.313 

3899.050 

3894.700 

3889.263 

3887.088 

3882.738 

3874.038 

3868.238 

3864.975 

3860.988 

3854.825 

3845.763 

3837.425 

3830.175 

3825.463 

3817.850 

3809.875 

3802.988 

3796.825 

3787.763 

3777.613 

3768.550 

3760.575 

3751.513 

3743.538 

3736.288 

3732.300 

3723.238 

3711.275 

3698.950 

3688.438 

3679.013 

1585.611 

1585.575 

1583.074 

1583.545 

1579.521 

1579.920 

1580.645 

1581.479 

1579.739 

1577.854 

1576.948 

1575.389 

1575.933 

1575.860 

1572.271 

1574.193 

1572.380 

1569.951 

1569.988 

1571.764 

1571.619 

1573.939 

1569.734 

1571.764 

1571.365 

1572.525 

1568.646 

1568.864 

1568.755 

1569.843 

1565.529 

1563.064 

1564.478 

1561.868 

1558.496 

1554.146 

1555.705 

1561.106 

1559.765 

1560.708 

1559.185 

1559.584 

1557.264 

2329.425 

2325.908 

2322.694 

2319.393 

2316.831 

2314.225 

2312.531 

2310.707 

2310.012 

2309.231 

2308.406 

2307.493 

2305.626 

2303.715 

2301.327 

2298.894 

2296.636 

2294.204 

2292.814 

2291.338 

2290.599 

2289.905 

2287.299 

2284.736 

2279.916 

2275.139 

2267.929 

2260.720 

2252.121 

2243.609 

2236.747 

2229.755 

2225.325 

2220.852 

2216.422 

2212.122 

2206.346 

2200.440 

2193.535 

2186.629 

2176.727 

2166.869 

2152.364 
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872 

873 

874 

875 

876 

877 

878 

879 

880 

881 

882 

883 

884 

885 

886 

887 

888 

889 

890 

891 

892 

893 

894 

895 

896 

897 

898 

899 

900 
 

0.02111 

0.02138 

0.02160 

0.02172 

0.02174 

0.02217 

0.02236 

0.02278 

0.02282 

0.02290 

0.02355 

0.02366 

0.02413 

0.02421 

0.02437 

0.02440 

0.02447 

0.02504 

0.02592 

0.02579 

0.02573 

0.02612 

0.02602 

0.02643 

0.0263 

0.02667 

0.0274 

0.02781 

0.02858 
 

0.01022 

0.01074 

0.01133 

0.01198 

0.01264 

0.01345 

0.01430 

0.01527 

0.01636 

0.01752 

0.01867 

0.01992 

0.02121 

0.02262 

0.02414 

0.02581 

0.02754 

0.02932 

0.03116 

0.03305 

0.03491 

0.03674 

0.03833 

0.03983 

0.04121 

0.04256 

0.04384 

0.04506 

0.04633 
 

1256.197 

1259.801 

1263.797 

1267.488 

1270.659 

1274.263 

1277.781 

1281.082 

1284.252 

1287.466 

1290.376 

1293.459 

1296.760 

1299.670 

1302.362 

1305.489 

1308.052 

1310.484 

1313.350 

1316.173 

1318.561 

1320.646 

1323.165 

1325.858 

1327.942 

1330.070 

1331.981 

1333.762 

1336.150 
 

821.0771 

823.5092 

825.8978 

828.2864 

830.8053 

833.3677 

835.8866 

838.4924 

840.9678 

843.5736 

846.0925 

848.6983 

851.3909 

853.9967 

856.6024 

859.1648 

861.7705 

864.2895 

866.7649 

869.1970 

871.5856 

873.9742 

876.2760 

878.4909 

880.4886 

882.4864 

884.3539 

886.0910 

887.7848 
 

3671.038 

3661.975 

3654.000 

3643.488 

3633.338 

3621.846 

3611.733 

3599.480 

3588.823 

3577.005 

3571.713 

3560.874 

3548.839 

3538.508 

3526.038 

3512.879 

3501.678 

3489.461 

3477.173 

3466.080 

3456.148 

3441.575 

3433.346 

3423.595 

3409.603 

3398.764 

3386.403 

3373.099 

3358.490 
 

1554.509 

1557.373 

1557.771 

1557.046 

1558.315 

1557.554 

1559.983 

1558.931 

1560.744 

1561.179 

1564.043 

1563.861 

1564.260 

1562.774 

1561.251 

1562.375 

1562.085 

1561.686 

1564.985 

1565.529 

1567.378 

1566.834 

1569.154 

1566.943 

1567.378 

1569.371 

1569.118 

1568.683 

1570.386 
 

2137.858 

2125.046 

2112.278 

2102.376 

2092.474 

2084.049 

2075.754 

2067.893 

2060.076 

2052.476 

2044.876 

2035.365 

2025.984 

2015.908 

2005.789 

1995.409 

1984.986 

1972.001 

1958.885 

1946.204 

1933.523 

1919.799 

1906.119 

1891.135 

1876.109 

1861.430 

1846.750 

1833.852 

1820.823 
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Appendix C: Multimedia 

 
The following multimedia files are attached to this thesis work:  

▪ The video file “Reconstructed_maps_11bands.mp4” reports the entire set of 

reconstructed haemodynamic and metabolic maps of one mouse obtained in 

vivo with hNIR at 11 spectral bands (both visible and NIR light), during the 

whole experimental procedure, as described in Sec. 7.3.1; 

▪ The video file “Reconstructed_maps_8bands.mp4” reports the entire set of 

reconstructed haemodynamic and metabolic maps of one mouse obtained in 

vivo with hNIR at 8 NIR spectral bands, during the whole experimental pro-

cedure, as described in Sec. 7.3.1; 

▪ The video file “Corrected_maps_11bands.mp4” reports the entire set of cor-

rected haemodynamic and metabolic maps of one mouse obtained in vivo 

with hNIR at 11 spectral bands (both visible and NIR light) after post-pro-

cessing correction, during the whole experimental procedure, as described 

in Sec. 7.3.2; 

▪ The video file “HbT&HbDiff_maps_11bands.mp4” reports the entire set of 

reconstructed maps of HbT and HbDiff of one mouse obtained in vivo with 

hNIR at 11 spectral bands (both visible and NIR light), during the whole 

experimental procedure, as described in Sec. 7.3.3; 
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