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Abstract—We present a novel hyperspectral imaging (HSI) sys-

tem using visible and near-infrared (NIR) light on the exposed cer-

ebral cortex of animals, to monitor and quantify in vivo changes in 

the oxygenation of haemoglobin and in cellular metabolism via 

measurement of the redox states of cytochrome-c-oxidase (CCO). 

The system, named hNIR, is based on spectral scanning illumina-

tion at 11 bands (600, 630, 665, 784, 800, 818, 835, 851, 868, 881 

and 894 nm), using a supercontinuum laser coupled with a rotating 

Pellin-Broca prism. Image reconstruction is performed with the 

aid of a Monte Carlo framework for photon pathlength estimation 

and post-processing correction of partial volume effects. The sys-

tem is validated on liquid optical phantoms mimicking brain tissue 

haemodynamics and metabolism, and finally applied in vivo on the 

exposed cortex of mice undergoing alternating oxygenation chal-

lenges. The results of the study demonstrate the capacity of hNIR 

to map and quantify the haemodynamic and metabolic states of 

the exposed cortex at microvascular levels. This represents (to the 

best of our knowledge) the first example of simultaneous mapping 

and quantification of cerebral haemoglobin and CCO in vivo using 

visible and NIR HSI, which can potentially become a powerful tool 

for better understanding brain physiology. 

 
Index Terms—Hyperspectral imaging, wide-field optical imag-

ing, near-infrared spectroscopy, brain metabolism, brain oxygen-

ation, cytochrome-c-oxidase. 

I. INTRODUCTION 

ECENT biomedical applications of hyperspectral imaging 

(HSI) have highlighted the potential of this optical modal-

ity to provide functional information on various in vivo physio-

logical processes [1]–[3]. This is thanks to its multidimensional 

capacity of acquiring wide-field images at numerous contigu-

ous wavelengths over a broad range of the electromagnetic 

spectrum (visible and infrared), thus combining spectral and 

spatial data with high resolution and sensitivity for biochemical 

molecules of interest [4]. In particular, in neuroimaging it has 

been demonstrated how HSI is able to map and quantify in vivo 

changes in the concentrations of oxyhaemoglobin (HbO2) and 

deoxyhaemoglobin (HHb) in the exposed cerebral cortex of 

both humans and animals, thus providing information about 
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brain oxygenation and haemodynamics [5]. Hyperspectral brain 

imaging is often based on similar approaches and analyses typ-

ically used in near-infrared spectroscopy (NIRS) [6]: it involves 

measuring the absorption optical signatures of the two forms of 

haemoglobin, yet with much higher spatial resolution that is 

characteristic of wide-field optical imaging (WFOI) [5], [7], 

[8]. Furthermore, the use of multiple wavelengths provided by 

HSI (as to reconstruct complete spectra of each single pixel in 

the image), compared to the only 2-3 usually employed in most 

commercial NIRS instruments, has the additional advantage of 

extending the number of chromophores of interest that can be 

resolved. Indeed, complementarily to the haemodynamic and 

oxygenation information provided by cerebral haemoglobin, 

mapping and quantification of brain cellular metabolism could 

also be inferred using HSI by targeting the optical signature of 

the redox state of cytochrome-c-oxidase (CCO) [5].  

CCO is the complex IV in the electron transport chain (ETC) 

of the mitochondria, and thus it is involved in more than 95% 

of the production of adenosine triphosphate (ATP) in cells. Its 

absorption properties vary between its oxidative (oxCCO) and 

reduced (redCCO) states, therefore by using its oxidised minus 

reduced differential extinction spectrum (diffCCO), it is possi-

ble to retrieve information about the redox changes in CCO and 

in brain tissue mitochondrial functions associated with changes 

in metabolism [9]. Since the extinction spectrum of diffCCO 

presents a predominant broad peak in the near-infrared (NIR) 

range 780-900 nm, due to the copper CuA redox centres of CCO 

[10], a large number of wavelengths sampled in such interval is 

necessary in order to simultaneously and accurately resolve 

HbO2, HHb and oxCCO (as direct index of metabolic activity) 

[9]. This is currently done non-invasively via broadband NIRS 

(bNIRS), an optical spectroscopy technique that is based on 

white light illumination (at least 120 wavelengths) of the head 

through optic fibres and on collecting the reflected diffused NIR 

signal with a spectrometer [9], [11], [12]. However, such an ap-

proach is limited in terms of spatial resolution, as it typically 

samples large (few cm3) volumes of brain tissue, including ex-

tracerebral layers (scalp, skull and cerebrospinal fluid) [13]. 
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We previously demonstrated computationally the fitness of 

HSI in mapping and quantifying changes in the concentration 

of HbO2, HHb and oxCCO on the exposed cortex during hy-

poxia, using Monte Carlo (MC) simulations [14]. In the same 

MC studies we also proved that the use of only 8 optimally-

selected NIR wavelengths in the range 780-900 nm (784, 800, 

818, 835, 851, 868, 881 and 894 nm) provides minimal differ-

ences (less than 2%) in the accuracy at simultaneously resolving 

haemoglobin and CCO signals, compared to the ‘gold standard’ 

of 121 wavelengths used in bNIRS [14]. We now present in this 

work the first in vivo application of HSI to image and monitor 

HbO2, HHb and oxCCO in the exposed cortex of mice, using 

the same 8 NIR spectral bands, plus the addition of 3 visible 

wavelengths (600, 630 and 665 nm). The combination of the 

visible and NIR wavelengths was selected to enhance image 

contrast from both haemoglobin and CCO, while avoiding 

crosstalk from the optical signatures of other species of cyto-

chrome below 600 nm [9]. In this paper we introduce a novel 

HSI benchtop system, named hNIR, and its validation in a con-

trolled experimental setting, as well as its application to the ex-

posed cerebral cortex of anesthetised mice during oxygenation 

challenges (hyperoxia, hypoxia and anoxia). 

II. MATERIAL AND METHODS 

A. The hNIR system 

The hNIR system is based on spectral scanning HSI mode, 

illuminating the target sequentially at all the desired spectral 

bands and synchronously acquiring a single frame for each 

wavelength, in order to reconstruct a three-dimensional (3D) 

spatio-spectral dataset called hypercube (by stacking together 

all the spectral frames). A diagram of the overall configuration 

of the hNIR system is shown in Fig. 1.  

The illumination side of hNIR is composed of a supercontin-

uum (SC) laser (Fianium WhiteLase SC440-40) that is coupled 

with a Pellin-Broca prism (Thorlabs ADB-10) mounted on a ro-

tating motor (PI U-651.04) for sequential illumination of the 

target at 11 wavelength bands (600, 630, 665, 784, 800, 818, 

835, 851, 868, 881 and 894 nm). The broadband output of the 

SC laser is directed via optic fibre to the input side of the Pellin-

Broca prism, which disperses the beam in its constituent spec-

tral components. The dispersed beam reaches an achromatic 

lens (Thorlabs AC254-200-AB) with focal length of 200 mm. 

This lens collimates the dispersed beam towards a small-core 

(10-μm diameter) optic fibre (Thorlabs M64L01), that is posi-

tioned at the focal point of the lens and it is used to illuminate 

the target. The optic fibre selects only a small portion of the 

spectrum of the dispersed beam (due to its small diameter). Ro-

tating the motor (and thus the prism) in rapid sequence (150 ms 

per band) allows the system to switch between all the spectral 

bands, each corresponding to a specific angular position of the 

motor. Finally, the narrow-band light that exits the optic fibre 

is directed towards the imaged target. Before illuminating it, the 

beam is filtered by a laser speckle reducer (Optotune LSR-

3005-6D-NIR), to mitigate the occurrence of speckle noise, and 

then further collimated using another achromatic doublet lens 

(Thorlabs AC254-030-AB) with focal distance of 30 mm (cre-

ating a final spot size on target of about 4 mm in diameter). 

Image acquisition at each illuminating spectral band (150 ms 

per frame) is performed via a scientific complementary metal-

oxide semiconductor (sCMOS) camera (Andor Zyla 5.5 USB 

3), mounted on a 3D translation stage for correct placement. 

The camera is coupled to an optical assembly including: (1) a 

15x reflective microscope objective (Thorlabs LMM-15X-

P01); and (2) an achromatic, infinity-corrected relay lens 

(Thorlabs TTL200-B). The optical assembly is used for light 

collection, focusing and magnification to the camera sensor, 

generating a field of view (FOV) of about 0.9x1.1 mm.  

The hNIR system was characterised in terms of spectral, 

power and imaging performances. The complete characteristics 

and features of the hNIR system are reported in Table I.  

 
Fig. 1.  Configuration of the hNIR setup, including spectral illumination side 

and imaging side. Broadband light emitted by the supercontinuum (SC) 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 se-

lects a narrow spectral band. At every rotation of the motor, a different band 

is scanned, which then illuminates the target. Reflected light form the target is 

then collected by a reflective objective, focused through a relay lens and rec-

orded by a camera synchronised with the rotating motor. 

  

TABLE I 

TECHNICAL CHARACTERISATION OF HNIR 

Specifications: Illumination side: 

Illumination mode: Spectral scanning 

Available spectral range: 380-2500 nm 

Number of spectral bands: 11 (visible and NIR) 

Spectral resolution (FWHM): 
~6-8 nm (visible) 

~8-11 nm (NIR) 

Average output power per  

spectral band: 

~60-95 μW (visible) 

~85-110 μW (NIR) 

Average switching rate between 

spectral 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) 

FOV: 0.9x1.1 mm 

Sensitivity (QE): 60% at 600 nm 

Shutter mode: Global 

Integration time: 150 ms 

Hypercube rate: 0.3 hypercubes/s 

Maximum dynamic range: 33,000:1 
 

NIR, near-infrared; FWHM, full-width at half maximum; sCMOS: scien-

tific complementary metal-oxide semiconductor; FOV, field of view; QE, 

quantum efficiency. 
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In particular, spatial resolution of hNIR under broadband illu-

mination and for each spectral band of the system was assessed 

using a positive resolution test target, the USAF 1951 (Thorlabs 

R1L1S1P). For both tests (broadband and single band illumina-

tion), the spatial resolution of hNIR was found equal to 228 

lp/mm, corresponding to 2.19 μm. An example of the result us-

ing broadband illumination is shown in Fig. 2.  

B. Data processing and analysis with hNIR 

After hyperspectral data collection, in the form of several hy-

percubes (for every experimental phase of the desired proce-

dure) each composed of a number of frames equal to the number 

M of selected spectral bands (up to 11 for hNIR), a data pro-

cessing and analysis methodology is implemented and con-

ducted on these raw hypercubes in order to reconstruct spatial 

maps of the relative changes in the concentrations of HbO2, 

HHb and oxCCO on the target FOV. The data processing pro-

cedure is summarised in a flowchart diagram in Fig. 3. 

Firstly, the raw spectral images of all hypercubes acquired 

with hNIR are filtered to further reduce the influence of speckle 

noise generated by the laser source using a 2D-adaptive, low-

pass Wiener filter [15], [16]. Afterwards, all the filtered hyper-

spectral cubes (for each experimental phase dataset) are cor-

rected via subtraction of a dark reference hypercube acquired 

with the camera sensor completely covered, at the same inte-

gration time as the rest of the data. The last step in the pre-pro-

cessing of the hyperspectral data involves time integration and 

averaging. In particular, the hypercubes of the baseline condi-

tion in the procedure are time-averaged over their whole acqui-

sition time, as to obtained a single averaged baseline hypercube 

out of them, having intensity Ibaseline (λ)k,l for every spectral band 

λ and in each pixel k, l. Conversely, the other hypercubes (typ-

ically corresponding to a specific experimental phase) are time-

averaged into a number of specific time windows, according to 

the acquisition time of the given dataset. These averaged hyper-

cube for each time window Δt have intensity IΔt (λ)k,l for every 

spectral band λ and in each pixel k, l.  

Following pre-processing, a modified Beer-Lambert’s law 

(MBLL) approach [17] is applied on the time-averaged hyper-

cubes of each phase as to reconstruct spatial maps of the relative 

changes Δ[HbO2], Δ[HHb] and Δ[oxCCO] in the concentra-

tions of HbO2, HHb and oxCCO of the imaged FOV. Firstly, 

attenuation between the baseline and a given time window Δt 

of the i-th condition is calculated for each pixel k, l and every 

selected spectral band λ of the hypercubes: 

 

(1) 

 

 

Afterwards, MBLL is applied pixel-wise (for each pixel k, l) on 

the attenuation values in (1) to calculate the corresponding hae-

modynamic and metabolic maps of Δ[HbO2], Δ[HHb] and 

Δ[oxCCO], for each time window Δt of all the experimental 

phases. Thus, for each pixel k, l of the pre-processed hypercubes 

the following systems of algebraic equations are set:  
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Fig. 2.  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 (Group 7 Element 6). 

 
Fig. 3. Flowchart diagram describing step-by-step the data processing meth-

odology applied to the hyperspectral data collected with hNIR  
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The reference spectra for the molar extinction coefficients εHbO2
 

and εHHb of haemoglobin are taken from Matcher et al [14], 

[18], while the oxidised-reduced differential molar extinction 

coefficients εdiffCCO for CCO are calculated from data measured 

in vivo at UCL by J. Moody [9], [14].  

The maps (for each wavelength λ) of the spatial distributions 

of the average total pathlength PLk,l (λ) of the detected photons 

on the FOV in (2) are estimated by running MC simulations 

using the methodology we developed and presented in Gian-

noni et al [14]. A high-contrast picture of the FOV, that is ob-

tained with the imaging side of the hNIR system using broad-

band illumination, is used to replicate the meshed domain of the 

targeted region of the exposed cortex. This domain is composed 

of two media: (1) pial vasculature, and (2) subpial grey matter. 

The optical properties of the domain in the simulations are se-

lected according to the experimental phases, based on parame-

ters measured during the data acquisition. 

Finally, (2) can be written in matrix format (for each pixel k, 

l) and solved using the Moore-Penrose pseudo-inverses of the 

matrices of the molar extinction coefficients [19], for the three 

unknowns Δ[HbO2], Δ[HHb] and Δ[oxCCO]. 

The last step in the hNIR data processing methodology con-

sists in implementing the spatially-selective, post-processing 

correction that we developed and validated in Giannoni et al 

[14] to correct for any underestimation in the quantification of 

HbO2, HHb and oxCCO due to partial volume effects in the 

MBLL. MC simulations are again used to estimate maps of the 

distribution of (1) the average partial pathlengths PLk,l,vessel  (λ) 

that the detected photons have travelled in the pial vasculature 

and of (2) the average partial pathlengths PLk,l,grey  (λ) they trav-

elled in the subpial grey matter of the simulated domain (for 

each wavelength λ). From these and the average total photon 

pathlengths PLk,l (λ) used in (2), two maps of correction factors 

CF′k,l and CF′′k,l (for each pixel k, l), are calculated: 

 

 

(3) 

 

 

 

(4) 

 

 

The two correction maps (averaged between each considered 

experimental phase and the corresponding baseline) are used to 

selectively correct the haemodynamic and metabolic maps of 

Δ[HbO2], Δ[HHb] and Δ[oxCCO], by weighting for the large 

differences in the partial pathlengths between pial vasculature 

and subpial grey matter. This selective correction is performed 

using the segmented binary map of the FOV utilised during the 

mesh domain creation as a guide [14]. Thus, for pixels k, l cor-

responding to the pial vasculature medium in the mask, the fol-

lowing 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 (as no signifi-

cant presence of CCO is assumed in the blood in the vessels): 

 

(5) 

 

 

Contrarily, for pixels k, l corresponding to the subpial grey mat-

ter medium in the mask, this other correction is applied to both 

the haemodynamic and the metabolic maps to obtain the cor-

rected values Δ[HbO2]*, Δ[HHb]* and Δ[oxCCO]* of the 

changes in concentration of HbO2, HHb and oxCCO: 

 

 

 

(6) 

 

 

 

III. VALIDATION ON LIQUID PHANTOMS 

The hNIR system was tested and validated on homogeneous 

liquid optical phantoms based on blood, Intralipid and yeast, in 

order to assess its ability and performances to simultaneously 

measure and resolve changes in the concentrations 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 [20], [21] and bNIRS [22] to validate the capacity 

of an instrument to retrieve correct information about haemo-

globin oxygenation, due to the fitness of such phantoms for 

mimicking the optical properties of biological tissues. The ox-

ygenation and deoxygenation of the blood in the liquid phan-

toms can be performed in various ways, such as by bubbling 

oxygen gas (O2) for oxygenating the blood and by bubbling ni-

trogen 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 resolve 

changes in the concentration of oxCCO [22]. This is because 

yeast consumes oxygen using the same aerobic process of hu-

man tissues, including the ETC with the oxidation-reduction of 

CCO. Thus, the presence and variations in the concentration of 

oxCCO in the yeast of the liquid phantoms can be detected dur-

ing blood oxygenation and deoxygenation. 

 

A. Liquid phantoms preparation 

The recipes and preparation of the liquid optical phantoms 

used for the experiments described here are based on proce-

dures by F. Lange et al [22]. Two phantoms, of 1.5 L each, were 

prepared: one (Phantom 1) containing deionised water, In-

tralipid, phosphate-buffered saline (PBS) and blood, while the 

other (Phantom 2) including the same components with the ad-

dition of yeast. Both liquid phantoms were contained in a me-

tallic box of 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-infinite media.  

First, a solution of 1.4 L of deionised water, 50 mM PBS 

CF'k,l =
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PLk,l, vessels λi 
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(Sigma-Aldrich PBS P3813) and 75 g of Intralipid 20% (Frese-

nius Kabi Intralipid 20%) was poured into the box, which was 

then 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 had 

the purpose of mimicking the absorption and scattering proper-

ties of two of the main components of biological tissues, i.e. 

water and lipid [23], [24], while PBS was added to achieve and 

maintain a physiological pH (approximately 7.2-7.4) in the liq-

uid phantoms. Afterwards, 25 mL of blood were added to both 

phantoms using a syringe, to replicate the absorption properties 

of haemoglobin. For Phantom 2, 10 g of yeast were then added 

to achieve deoxygenation during the experimental procedure. 

Oxygenation via O2 bubbling (for both phantoms) and deox-

ygenation 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.  

The most relevant physiological parameters of both liquid 

phantoms were constantly monitored during the experiments, in 

particular: (1) the temperature of the mixtures, using a temper-

ature probe; (2) the pH of the mixtures, using a pH sensor; and 

(3) the content of dissolved oxygen (DO) in the mixtures, using 

a chemical oxygen sensor. 
 

B. Experimental procedure and data collection 

The same data acquisition process is conducted with hNIR, 

consisting of imaging separately both phantoms during alternat-

ing phases of deoxygenation (3 phases) and re-oxygenation (2 

phases). In Phantom 1, deoxygenation is obtained via bubbling 

of N2, while in Phantom 2 via the yeast. This approach allows 

separation of the signals of haemoglobin, present in both phan-

toms, from the signal of CCO, present only in Phantom 2, thus 

assessing whether the changes in the concentration of oxCCO 

measured by hNIR are effectively generated by the optical sig-

nature of this chromophore and do not arise from crosstalk. 

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, there-

fore the addition of visible light was not necessary. 

The illumination fibre and FOV of hNIR 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.  

Each experimental procedure started after the mixtures of the 

phantoms reached homogeneity and stable temperature (36.5°-

37°). Firstly, each phantom was oxygenated by bubbling O2 (3 

L/min) to a DO equal to about 100%: this phase corresponded 

to the baseline condition for the data collection. After baseline, 

a phase of deoxygenation followed (DO less than 10%), in-

duced 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 started after DO 

had 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 base-

line 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 procedures. For Phantom 2, the two extra de-

oxygenation phases were obtained by switching off the O2 bub-

bling and waiting for the yeast in the mixture to consume again 

the oxygen. 

During the initial baseline and each of the five following de-

oxygenation and re-oxygenation phases, 20 hypercubes were 

acquired every time for 1 min (for both phantoms). Data collec-

tion was not performed during the dynamic changes in the ox-

ygenation levels of the various phases, due to formation of bub-

bles on the surface of the phantoms, distorting the FOV and 

risking staining of the objective mirrors. The bubbles disap-

peared by the time a stationary DO level was reached. 

Time-averaging was performed on all the hypercubes in each 

phase (both baseline and the five deoxygenation and re-oxygen-

ation phases). Thus, one final time-averaged hypercube over the 

entire recording time (1 min) was obtained for each phase. 

IV. IN VIVO APPLICATION ON MICE  

The hNIR system was used to perform in vivo HSI of the ex-

posed cerebral cortex of three anesthetised healthy mice breath-

ing a series of normoxic, hyperoxic and hypoxic gas mixtures 

of oxygen and nitrogen, until termination of the animals (still 

under anaesthesia) during anoxia, at the end of the procedure. 

These oxygen manipulations were chosen as they produce sig-

nificant changes in haemoglobin oxygenation and in the redox 

states of CCO, as extensively demonstrated in the literature 

with the application of bNIRS [9]. The different degrees of ox-

ygenation to the brain tissue of the mice were established by 

manipulating their fractions of inspired oxygen (FiO2). 

 

A. Animal preparation 

The three imaged mice (inbred strain C57bL/6 of average 

weight of ~22.3 g) were anesthetised with 1.5-2 % isoflurane in 

room air and then placed on a homoeothermic electric-heating 

mat that maintained the mice at constant temperature (36.5-37 

°C). The scalp of each mouse was surgically removed and a 

partial craniotomy was performed over the right hemisphere 

without damaging the dura, creating an exposed cortical win-

dow of about 4-5 mm in diameter. The dura was moistened and 

cleaned with saline solution, before applying a circular glass 

coverslip over a ring of Vaseline, to prevent evaporation during 

imaging and contamination of the exposed cortex from ambient 

air. Finally, the head of each mouse was stabilised using a tita-

nium bar and dental cement to prevent movement artefacts in 

the collected images. Anaesthesia was maintained for the entire 

experimental procedure until termination of the animals.  

All procedures were performed in accordance with the UK 

Home Office Animals (Scientific Procedures) Act (1986) and 

the EU Directive 2010/63/EU. 

 

B. Experimental procedure and data collection 

The experimental imaging procedure performed on each 
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mouse consisted of the following series of consecutive oxygen-

dependent phases: 1) normoxic baseline (FiO2=21%); 2) hy-

peroxia (FiO2=93%); 3) normoxia (FiO2=21%); 4) hypoxia 

(FiO2=10%); 5) normoxia (FiO2=21%); 6) anoxia followed by 

death of the animal (FiO2=0%). For each experimental phase, 

hNIR was run for all its 11 spectral bands (600, 630, 665, 784, 

800, 818, 835, 851, 868, 881 and 894 nm).  

During the initial normoxic baseline, 40 hypercubes were 

collected for a total acquisition time of 2 min. Subsequently, for 

each of the following phases, 100 hypercubes were then ac-

quired for 5 min. Time-averaging was performed on all the 40 

hypercubes of the normoxic baseline over the entire integration 

time of 2 min to obtain a single time-averaged baseline hyper-

cube. For the 100 hypercubes of each oxygen-dependent phase, 

time-averaging was performed for every 10 hypercubes in the 

5-min acquisition time interval, obtaining 10 averaged hyper-

cubes per each imaged condition: each averaged hypercube cor-

responds to a time window of 30 s of hyperspectral recording 

on the exposed cerebral cortex. 

V. RESULTS 

A. Results of the phantoms validation 

All the haemodynamic and metabolic maps reconstructed 

with hNIR from (2) for each phase and for both liquid phantoms 

provide no spatial features to be resolved, as expected since 

they are composed of homogeneous liquid mixtures.  

Spatial averages <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> 

of the relative changes in the concentrations of HbO2, HHb and 

oxCCO are then calculated from the reconstructed maps, to an-

alyse and assess the measured responses from each phantom in 

all the experimental phases. This is done by spatially averaging 

the relative changes in concentrations Δ[HbO2], Δ[HHb] and 

Δ[oxCCO] in every map across all the pixels of the whole FOV 

(due to the homogeneity of the phantoms), for each phase. Thus, 

average quantified values of the haemodynamic and metabolic 

responses of both liquid phantoms in each experimental phase 

are obtained. These values are reported in Fig. 4 against the cor-

responding DO level of each experimental phase (Fig. 4a for 

Phantom 1 and Fig. 4b for Phantom 2). 

The spectroscopic analysis on the overall average changes in 

Δ[HbO2], Δ[HHb] and Δ[oxCCO] first shows that hNIR is able 

to detect and reconstruct the expected temporal trends of the 

changes in the concentrations of HbO2 and HHb during all the 

series of deoxygenation and re-oxygenation events, for both 

Phantom 1 and Phantom 2. During the deoxygenation events, 

where the DO level significantly drops compared to baseline, 

decreases in <Δ[HbO2]> (-36.02±1.84 μM for Phantom 1 and -

33.23±1.01 μM for Phantom 2, on average across all deoxygen-

ation phases) and increases in <Δ[HHb]> (35.67±1.58 μM for 

Phantom 1 and 34.81±0.73 μM for Phantom 2, on average 

across all deoxygenation phases) are estimated for both phan-

toms, while no significant changes occur in either <Δ[HbO2]> 

(1.31±0.08 μM for Phantom 1 and 0.92±0.19 μM for Phantom 

2, on average across all re-oxygenation phases) or <Δ[HHb]> 

(-2.96±0.51 μM for Phantom 1 and -2.65±0.08 μM for Phantom 

2, on average across all re-oxygenation phases) during the re-

oxygenation events, when DO levels rise back to the baseline 

equivalents. Secondly, Fig. 4a shows that, for Phantom 1, no 

significant metabolic response due to changes in <Δ[oxCCO]> 

is reconstructed in any of the phases, as the spatial averages of 

the relative changes in concentration of oxCCO are all negligi-

ble (0.93±0.49 μM on average across all phases). Contrariwise, 

metabolic responses of CCO to the deoxygenation 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 due to 

oxygen depletion (-4.02±0.79 μM on average across all deoxy-

genation phases), and showing negligible changes during re-ox-

ygenation (0.85±0.89 μM on average across all re-oxygenation 

phases), due to return to baseline levels of DO. 

 

B. Results of the in vivo application 

An example for one mouse of 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 

after applying the spatially-selective, post-processing correc-

tion is reported in Fig. 5. The maps in Fig. 5 are not depicted 

for all the 10 time windows of each phase (50 maps in total), 

but only for 4 of them, evenly spaced every 60 s in the 5-min 

acquisition time of each experimental phase. This was done in 

order to summarise and show the dynamic changes in the con-

centrations of the three targeted chromophores throughout the 

whole experiment. The full set of maps in all the time windows 

of all the phases are reported in their entirety as videos in the 

attached supplementary multimedia material (including both 

 
Fig. 4. Spectroscopic analysis over the whole FOVs of the maps of the phan-

toms imaged with hNIR, showing the average changes <Δ[HbO2]> (red), 

<Δ[HHb]> (blue) and <Δ[oxCCO]> (green) during all the phases of the vali-

dation procedures. The results for Phantom 1, including only blood, are shown 

in (a), while (b) shows the results for Phantom 2, made of blood and yeast. 
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corrected and uncorrected results), showing full temporal reso-

lution capacity of the system. These will be available at 

http://ieeexplore.ieee.org. 

The haemodynamic maps of HbO2 and HHb on the exposed 

cortex reconstructed with hNIR present high spatial resolution 

and image contrast, across all the experimental phases, allowing 

the visualisation of both major and minor vasculature (about 

100-120 μm and 10-20 μm in diameter, respectively), compared 

to the greyscale image of the FOV (Fig. 5a). The haemoglobin 

changes are largely constrained and confined within the pial 

vasculature. The large and predominant haemodynamic re-

sponses of HbO2 and HHb in the pial vasculature are correctly 

localised and reproduce the expected temporal trends for the 

corresponding experimental phases: (1) an increase in Δ[HbO2] 

and a decrease in Δ[HHb] during hyperoxia; (2) reduction in 

Δ[HbO2] and an increment in Δ[HHb] during hypoxia and an-

oxia; (3) a return to near-baseline values (Δ[HbO2] and Δ[HHb] 

close to zero) during normoxia. Smaller haemodynamic re-

sponses are also reconstructed in the surrounding subpial grey 

matter, consistent with the changes in oxygen saturation and 

perfusion of the extravascular cerebral tissue (following the 

same trends of the pial vasculature). These responses appear 

generally homogeneous across the whole subpial tissue. 

The time dynamics of the changes in concentrations of HbO2 

and HHb during the various phases is also successfully captured 

with the hNIR system, providing suitable temporal resolution 

 
Fig. 5. 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, 

obtained with hNIR after spatially-selective, post-processing correction. Each map corresponds to an averaged time window of 30 s during a 5-min acquisition 

interval. The maps are compared with a corresponding greyscale image of the FOV (a) obtained with the imaging side of hNIR and broadband illumination. All 

the phases of the experiments are reported: (b) from normoxia to hyperoxia; (c) from hyperoxia to normoxia; (d) from normoxia to hypoxia; (e) from hypoxia to 

normoxia; (f) from normoxia to anoxia. 
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for all the physiological processes involved (this emerges more 

explicitly from the video in the attached supplementary multi-

media material). The two phases of return to normoxia after hy-

peroxia and hypoxia still present remnants of the haemody-

namic responses, with non-null values of Δ[HbO2] and Δ[HHb] 

and some contrast between vasculature and surrounding tissue 

in the maps: this phenomenon could have physiological causes, 

as brain oxygenation may require more than 5 min to com-

pletely return to baseline levels, especially after hypoxia.  

The metabolic maps of oxCCO present lower spatial resolu-

tion and image contrast than the haemodynamic maps, with the 

metabolic response being spread across the whole FOV: the ma-

jor vasculature is resolved during all the experimental phases, 

with the minor vessels becoming visible only during the last 

time windows of anoxic death. Nonetheless, localisation of the 

metabolic response correlated to the changes in the concentra-

tion of oxCCO is correctly achieved in the extravascular cere-

bral tissue throughout the whole experiment, although spurious 

measured changes Δ[oxCCO] are reconstructed also in the main 

pial vasculature (where CCO presence should be negligible). 

Generally, the metabolic maps show the expected temporal 

trends of the metabolic response of oxCCO during all the con-

ditions: (1) increase in Δ[oxCCO] during hyperoxia; (2) de-

crease in Δ[oxCCO] during hypoxia and anoxia; (3) return to 

quasi-null values of Δ[oxCCO] during the normoxic events. 

Spectroscopic analysis on all the corrected reconstructed 

maps of Δ[HbO2], Δ[HHb] and Δ[oxCCO] on the exposed cor-

tex of the mice is also conducted by targeting two specific re-

gions of interest (ROI) on the imaged FOV, each composed of 

200x200 pixels and corresponding to cortical areas of about 

85x85 μm: (1) the first ROI is entirely located on a region en-

compassing only the major vasculature; (2) the second ROI is 

centred on a section of subpial grey matter, where major vessels 

are not present. The spectroscopic analysis consists of spatially 

averaging the relative changes Δ[HbO2]k,l, Δ[HHb]k,l and Δ[ox-

CCO]k,l across all the pixels k, l of the selected ROIs in the 

maps. The temporal average variations <Δ[HbO2]>, <Δ[HHb]> 

and <Δ[oxCCO]> in the two ROIs are obtained this way, for 

each time window of the experiments. An example of the results 

of the spectroscopic analysis of Δ[HbO2], Δ[HHb] and Δ[ox-

CCO] are shown in Fig. 6 (for the same mouse of Fig. 5). Each 

data point in the graphs, corresponding to a single time window, 

is a mean across the ROI with standard deviation. 

The temporal trends of the average changes <Δ[HbO2]>, 

<Δ[HHb]> and <Δ[oxCCO]> in both ROIs confirm the results 

of the monitoring of haemodynamics and metabolism on the 

exposed cortex shown by the reconstructed maps, as well as the 

ability of hNIR to correctly track and quantify changes in the 

concentrations of HbO2, HHb and oxCCO. The values of 

<Δ[HbO2]> and <Δ[HHb]> over time follow the expected hae-

modynamic responses of haemoglobin to hyperoxia, hypoxia 

and anoxia in both ROIs. For the ROI located in the pial vascu-

lature: (1) during hyperoxia, <Δ[HbO2]> peaks at a maximum 

average value of 483.07±11.16 μM (mean across all mice), 

while a maximum decrease of -334.46±8.92 μM in <Δ[HHb]> 

(mean across all mice) is identified. Both responses occur 

within 270-330 s since the start of the experiment. (2) During 

hypoxia, <Δ[HbO2]> decreases to a minimum of -388.11±18.08 

μM in the interval 720-750 s and <Δ[HHb]> increases to a max-

imum of 365.01±16.92 μM in the interval 690-750 s (means 

across all mice), whereas during anoxia <Δ[HbO2]> drops to a 

minimum of -823.11±46.92 μM in the interval 1470-1500 s and 

<Δ[HHb]> peaks to a maximum of 538.68±26.92 μM in the in-

terval 1440-1500 s (means across all mice). (3) During the 

normoxic events, returns to quasi-baseline values are reported 

for both HbO2 and HHb, consistently with the premises of the 

experiments (<Δ[HbO2]> stabilising around 15.80±5.35 μM 

and -5.25±4.85 μM, while <Δ[HHb]> returning to -7.57±6.21 

μM and to 7.52±7.05 μM, for the first and second normoxic 

events, respectively across all mice).  

The changes in HbO2 and HHb appear larger by 100-200 

times in the ROI located in the vasculature than in the ROI cen-

tred over extravascular grey matter, as expected due to the 

higher presence of haemoglobin and greater changes in oxygen-

ation in the vessels. For the ROI located in the subpial grey mat-

ter: (1) during hyperoxia, <Δ[HbO2]> increases to a maximum 

of 28.32±2.43 μM (mean across all mice), while <Δ[HHb]> has 

a maximum drop of -18.68±1.49 μM (mean across all mice). (2) 

During hypoxia, <Δ[HbO2]> decreases to a minimum of -

51.05±6.18 μM and <Δ[HHb]> increases to a maximum of 

35.57±4.35 μM (means across all mice), whereas during anoxia 

<Δ[HbO2]> drops to a minimum of -82.97±10.08 μM and 

<Δ[HHb]> peaks to a maximum of 61.63±6.43 μM (means 

 
Fig. 6. Spectroscopic analysis in two ROIs of the corrected maps of the ex-

posed cortex of one mouse obtained by hNIR, showing the temporal average 

changes <Δ[HbO2]> (red), <Δ[HHb]> (blue) and <Δ[oxCCO]> (green), dur-

ing all the phases of the experiments. The first ROI (a) lies all within a major 

vessel, while the second (b) includes only the surrounding brain tissue. 
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across all mice). (3) During the normoxic events, both subpial 

HbO2 and HHb return again to quasi-baseline levels. 

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, com-

pared to less significant changes in <Δ[HbO2]> and <Δ[HHb]> 

during hyperoxia (for both ROIs). The haemodynamic re-

sponses of HbO2 in the pial vasculature present an initial dip 

(on average equal to -103.83±7.12 μM, across all mice) in the 

first time window of hyperoxia (0-30 s). Furthermore, the hae-

modynamic response of HHb in the pial vasculature during an-

oxia reaches an approximately stable plateau after the death of 

the mouse (around 1350-1410 s).  

The temporal trends of <Δ[oxCCO]> in the ROI including 

only extravascular brain tissue is also consistent with the ex-

pected 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). During 

hyperoxia, <Δ[oxCCO]> rises to a maximum of 4.41±0.98 μM 

within 330-390 s (mean across all mice). During hypoxia, it 

drops to a minimum of -4.15±1.19 within 900-990 s (means 

across all mice), whereas during anoxia <Δ[oxCCO]> is re-

duced to a minimum of -6.06±1.85 within 1470-1500 s (means 

across all mice). (3) During the normoxic events, <Δ[oxCCO]> 

returns to quasi-baseline values (stabilising around -0.04±0.61 

μM and -0.86±0.97 μM, for the first and second normoxic 

events, respectively across all mice). The metabolic response of 

oxCCO generally presents a delay of 30-60 s in its inception 

and peaking compared to the haemodynamic responses of hae-

moglobin, in particular during hyperoxia and hypoxia. The 

presence of spurious measured changes in the concentration of 

oxCCO in the ROI comprising only the pial vasculature is also 

apparent: these values of <Δ[oxCCO]> are of the same order of 

magnitude of the corresponding spatial averages in the ROI out-

side of the vessels, until they start to differ more significantly 

after the death of the mice. The spurious measured changes in 

oxCCO in the pial vasculature also follow similar time dynam-

ics to the metabolic response in the subpial grey matter in the 

whole experiment. The spurious changes <Δ[oxCCO]> in the 

pial vasculature during anoxic death are characterised by a 

larger variance, as demonstrated by the values of the corre-

sponding standard deviations (around ±2.01 across all mice). 

 
Fig. 7. Medium-wise spectroscopic analysis on the corrected maps of the exposed cortexes of the three mice, showing the temporal average changes <Δ[HbO2]> 

(top row), <Δ[HHb]> (middle row) and <Δ[oxCCO]> (bottom row) over the entire pial vascular medium (a) and over the whole subpial grey matter medium (b), 

during all the phases of the experiment. 

Authorized licensed use limited to: Universita degli Studi di Firenze. Downloaded on January 25,2021 at 09:05:19 UTC from IEEE Xplore.  Restrictions apply. 



1077-260X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSTQE.2021.3053634, IEEE Journal
of Selected Topics in Quantum Electronics

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS 10 

Finally, a group, medium-wise spectroscopic analysis is con-

ducted across all the three imaged mice to compare the varia-

bility of the results between the animals. Using the binary 

masks generated during the creation of the meshed domain for 

the MC simulations [14], that differentiate the FOVs of the ex-

posed cortexes between vasculature and surrounding subpial 

tissue, temporal average variations of <Δ[HbO2]>, <Δ[HHb]> 

and <Δ[oxCCO]> were calculated by spatially averaging the 

changes Δ[HbO2]k,l, Δ[HHb]k,l and Δ[oxCCO]k,l in the concen-

trations of HbO2, HHb and oxCCO across all the pixels k, l be-

longing to each medium, during each time window of the ex-

periments. These sets of temporal trends, each having one curve 

for the vasculature and one for the surrounding subpial tissue, 

were then plotted for all the three mice, to compare the overall 

variations of <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> in the 

vessels and in the subpial grey matter, for the whole study.  

Fig. 7 shows the results of the medium-wise spectroscopic 

analysis for all the three subject mice and for the hyperspectral 

datasets reconstructed and corrected with hNIR. The temporal 

trends of <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> appear 

similar between the three subject mice, with no significantly 

large variability in the reconstructed haemodynamic and meta-

bolic responses of HbO2, HHb and oxCCO across the subjects. 

The mean differences between the time trends of the three mice 

ranges at about 3.36-25.53% for <Δ[HbO2]>, 5.36-33.87% for 

<Δ[HHb]>, and 1.52-17.86% for <Δ[oxCCO]>, for the results 

for the entire pial vasculature (Fig 7a), whereas at about 1.12-

11.42% for <Δ[HbO2]>, 2.12-16.54% for <Δ[HHb]>, and 4.53-

21.25% for <Δ[oxCCO]>, for the results including only extra-

vascular tissue (Fig.7b).  

Among the similar features in the group, medium-wise tem-

poral trends of <Δ[HbO2]>, <Δ[HHb]> and <Δ[oxCCO]> 

across all the subject mice, the following are worth mentioning: 

(1) both the haemodynamic and the metabolic responses present 

comparable and close magnitudes in the vascular and the grey 

matter media, respectively, 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, respectively; (3) comparable variance and in-

fluence 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 standard devia-

tions 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 haemo-

dynamic responses of HbO2 in the pial vasculature medium dur-

ing the first time window of hyperoxia; (6) the manifestation of 

a quasi-stationary plateau in the values of <Δ[HHb]> in the pial 

vasculature during the last time windows of anoxia. 

VI. CONCLUSION 

We presented a novel HSI system, called hNIR, capable of 

simultaneously monitoring and quantifying the haemodynamic 

and metabolic states of the exposed cerebral cortex in vivo, via 

mapping of the relative changes in the concentrations of the two 

forms of haemoglobin (HbO2 and HHb) and the oxidative state 

of CCO (oxCCO). In future studies, a quantitative assessment 

of the depth sensitivity of the hNIR system could also be per-

formed, in order to provide a full characterisation of the in vivo 

performances of the setup. 

The application of HSI to the simultaneous mapping and 

quantification of the haemodynamic and metabolic states of the 

exposed cortex via targeting of haemoglobin and CCO was an 

area that had not been previously explored in literature before 

this (to the best of our knowledge) and the results of this work 

could open the field to several potential investigations on a 

number of conditions and scenarios involving the inner working 

of the brain. These could include life science and neurological 

research on the physiological responses and mechanisms in an-

imal studies of models of multiple sclerosis (MS) and of hy-

poxic-ischaemic injuries, such as stroke and dementia. The 

hNIR system is also compact enough to be used within an op-

eration room during neurosurgery, allowing HSI of the human 

exposed cortex during tumour resection or during epilepsy sur-

gery. Furthermore, hNIR could be modified and optimised in 

the future to increase temporal resolution to sub-second scale, 

enabling investigations of brain functional activation and neu-

rovascular coupling. 

Finally, the hNIR system and the associated methodologies 

are versatile enough so that they could also be tailored for mul-

tiple biomedical applications outside of the study of the brain 

and explored in future work. 
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