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Abstract
Hyperspectral imaging (HSI) technologies have been used extensively in medical research, targeting
various biological phenomena and multiple tissue types. Their high spectral resolution over a wide
range of wavelengths enables acquisition of spatial information corresponding to different light-
interacting biological compounds. This review focuses on the application of HSI to monitor brain
tissue metabolism and hemodynamics in life sciences. Different approaches involving HSI have been
investigated to assess and quantify cerebral activity, mainly focusing on: (1) mapping tissue oxygen
delivery through measurement of changes in oxygenated (HbO2) and deoxygenated (HHb)
hemoglobin; and (2) the assessment of the cerebral metabolic rate of oxygen (CMRO2) to estimate
oxygen consumption by brain tissue. Finally, we introduce future perspectives of HSI of brain
metabolism, including its potential use for imaging optical signals from molecules directly involved
in cellular energy production. HSI solutions can provide remarkable insight in understanding cerebral
tissue metabolism and oxygenation, aiding investigation on brain tissue physiological processes.
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1. Introduction

In recent years, hyperspectral imaging (HSI) has emerged as a
promising optical technology for biomedical applications, pri-
marily for life sciences research, but also aimed at non-invasive
diagnosis and image-guided surgery [1–4]. It is capable of
providing real-time quantitative information for several biolo-
gical processes in both healthy and diseased tissues. In part-
icular, this is achieved by measuring the intensity changes of

numerous different wavelengths of reflected, emitted or fluor-
escent light after interacting with tissue. These light intensity
changes occur due to variations in the optical properties (mainly
scattering and absorption) of the target tissue, that can be
accounted for both modifications in the biological structure of
its components and changes in the concentrations of intrinsic
light-absorbing or light-emitting chromophores [5, 6].

HSI systems have then been used to investigate and
detect multiple biological phenomena in healthy tissue and in
various diseases, such as quantification of blood oxygenation
and perfusion [7–10], cancer type differentiation and cancer
tissue metabolism [11–13], retinal diseases [14–16], cardio-
vascular conditions [17–19] and haemorrhagic shock [20, 21].
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Different types of tissues have also been targeted using HSI
setups, including skin [22–24], oral and gastrointestinal tissue
[25–27], breast [28, 29] and brain [30–33].

The present review article aims specifically to summarize
the literature regarding the application of HSI for monitoring and
investigating brain tissue hemodynamics and metabolism, with
major emphasis on the latter phenomenon. This encompasses
non-pathological cerebral tissue during both regular metabolic
activity (e.g. functional activation and response to different sti-
muli) and brain metabolism under abnormal conditions, such as
tissue hypoxia, hyperoxia and ischemia. The study of cerebral
tissue metabolism and hemodynamics is important for devel-
oping a deeper and broader understanding of brain tissue phy-
siology, as well as to accurately investigate and map cerebral
activity following neuronal activation [34, 35]. Furthermore,
monitoring brain metabolism in certain pathological conditions,
such as neurodegenerative diseases and brain injuries, potentially
allows identification of irregular tissue functionality [36–38].
The possibilities of future potential hyperspectral approaches
explicitly for brain metabolic imaging based on established
optical solutions will be also discussed.

A brief overview on the application and use of light in
brain tissue imaging, with its advantages and limitations, will
be provided first. Then, the different definitions of HSI fre-
quently used in the literature will be discussed, with the intent
of precisely stating which concept of hyperspectral is applied
to the main topic of this article. A general summary of the
different components and specific instrumentation used in
HSI solutions for monitoring brain metabolism and hemo-
dynamics will follow, together with an outline of the major
hyperspectral acquisition techniques. At the end of the current
section, an introduction to the main biological mechanisms of
brain tissue metabolism and the related optical measurable
signals will be then presented.

Afterwards, the article will present HSI for monitoring
oxygen delivery and hemodynamics in brain tissue. It is impor-
tant to clarify that, although a relation between oxygenation of
brain tissue and its metabolic activation has been extensively
demonstrated [34, 35, 39–41], measuring spatially localized
variations in the concentration of oxy-hemoglobin (HbO2) and
deoxy-hemoglobin (HHb) does not directly quantify brain
metabolism [42, 43]. Therefore, specific methods have been
proposed and explored in order to also quantitatively monitor
metabolic activity in cerebral tissue. The core part of this review
will concentrate on their current and future applications with HSI.
It will focus principally on two main aspects of brain metabolic
monitoring through HSI that includes: (1) quantification of brain
oxygen metabolism, which involves imaging cerebral hemody-
namics and estimating the cerebral metabolic rate of oxygen
(CMRO2); and (2) brain tissue energetics, where energy pro-
duction inside cerebral cells is quantified by imaging specific
light-interacting molecules involved in cellular aerobic respiration
and in adenosine triphosphate (ATP) synthesis.

1.1. The use of light to image and monitor the brain

In vivo optical brain imaging modalities, such as HSI, exploit
the interaction of light and biological tissue at diverse

wavelengths in the electromagnetic spectrum, with the pur-
pose of retrieving physiological information. This has many
advantages, the most important are the excellent sensitivity to
functional changes and the specificity of particular optical
signatures to fundamental molecules and substances in the
body, generating what is commonly known as intrinsic con-
trast [31]. As mentioned previously, this contrast depends on
the different interactions between light and tissue. Light
absorption and scattering are the two chief phenomena
occurring when light travels through living matter, such as the
brain. Absorption by specific chromophores, particularly
water and hemoglobin, limits depth penetration of light into
cerebral tissue in the visible range (400–700 nm) to only few
mm. However, brain cortex (as any biological tissue in broad
sense) is relatively transparent to light in the near-infrared
(NIR) range, between 650 and 1350 nm (known as optical
window), allowing its use for non-invasive mapping of brain
hemodynamics and functional activity [1, 5, 6]. Nonetheless,
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, the brain has high scattering
properties due to its structural inhomogeneity [5]. Thus, light
diffuses in cerebral tissue, undergoing multiple scattering
events in short distances. This causes important limitations to
the spatial resolution achievable by any optical imaging
systems, since an ideal point illumination will not produce a
corresponding point image but a more blurred area. Such an
imaging response is called a tissue point-spread function and
the blurring effect becomes more significant for deeper pro-
pagation distances [44]. Therefore, an intrinsic trade-off exists
between spatial resolution and depth of penetration for non-
invasive optical imaging of the brain.

Animal studies involving the thinning of the skull or
even the complete uncovering of the cortex offer direct
acquisition of high-resolution images of the surface of the
living brain with minimal effects on its normal functions and
physiological state. The elimination of the scalp and the skull,
with skin layers and vasculature, excludes contamination of
the optical signal from sources other than the illuminated
brain tissue, as well as greatly enhances both light penetration
in the cortex and spatial resolution of the images. Addition-
ally, 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 quan-
titation power of the optical data. The exposed cortex is thus
the preferred imaging target for the HSI studies reported in
this article. In particular, the uncovering of the cerebral cortex
allows the use of spectral bands in the visible range for
imaging, permitting a higher contrast due to the greater
absorption in this portion of the electromagnetic spectrum
from major chromophores in the brain, primarily the two
forms of hemoglobin (as explained in section 2).

Finally, it is important to mention also the role of optical
modeling, which is usually implemented to numerically
simulate light transport and diffusion in biological tissue and
thus to greatly improve image reconstruction and quantifica-
tion, as well as to estimate optical pathlengths. Monte Carlo
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stochastic approaches are among the most used and are able
to generate very accurate modeling of light propagation inside
general-shaped domains and multi-layered media, with the
advantage of providing also specific information on indivi-
dual photon tracks and histories [6, 45].

1.2. Definition of HSI for brain metabolism and hemodynamics

HSI has been commonly defined in a broad and general sense
as the acquisition of two-dimensional (2D) images across a
wide range of the electromagnetic spectrum [1–3, 46, 47].
This definition has sometimes corresponded to a similarly

parallel concept in single-point optical spectroscopy, known
as broadband spectroscopy [48]. The precise and exact
number of wavelengths to be used in HSI has never been
clearly established and it frequently depends on the applica-
tion, stretching from only two wavelengths up to a few
hundred. 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 the literature, being
often subject to arbitrary interpretations. For example,
Hillman [31] simply defined HSI as the measurement of two
or more wavelengths. On the contrary, other authors [49–53]

Figure 1. 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). In the bottom image, only
discrete and discontinuous portions of the spectral range are considered.
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stated that tens to hundreds of contiguous spectral bands must
be involved to create a typical hyperspectral data cube, also
known as hypercube (i.e. a three-dimensional dataset con-
taining 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 con-
sidered the key factors that distinguish HSI and MSI
(figure 1): while MSI focuses on discrete and relatively
spaced wavelength bands, HSI primarily utilizes very narrow
and adjacent spectral bands over a continuous spectral range,
as to reconstruct the spectrum of each pixel in the image
[1, 4, 20, 53]. Again, the width of these bands and their
mutual separation are not specifically defined, though they are
typically below 10–20 nm [47].

The spectral range covered by a HSI system and the
number of wavelength bands it utilizes usually depends on its
specific mode of acquisition of the hypercube data. These
modes will be discussed in the next paragraph. A larger
number of wavelength bands with high spectral resolution
and sampling typically requires a more complex HSI instru-
mentation and it is associated with a larger amount of data to
be collected, stored and processed.

For the present review, a hyperspectral system and setup
is considered to be any imaging system that involves the use
and detection of three or more contiguous wavelength bands,
thus slightly extending the definition of Hillman [31]. How-
ever, spectral resolution will be still taken into account as a
key aspect. The reason behind this choice is related to the
narrowness of the spectral ranges typically analyzed for
retrieving quantitative information from specific chromo-
phores and molecules involved in metabolic activity in vivo.
Nonetheless, high spectral sampling and resolution typical of
HSI technologies are still strongly required to identify these
compounds and to adequately quantify and localize them.
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
cortex, while the NIR range can provide a solution for non-
invasive and diagnostic approaches. In many cases, optim-
ization of the choice of the spectral bands leads to the use of a
relatively small number of wavelengths (typically between six
and ten) corresponding to precise portions of the absorption or
fluorescence spectra of the targeted chromophores. This has
the advantage of reducing the complexity of the involved
hyperspectral instrumentation and also the sheer size of the
hyperspectral data to handle.

1.3. HSI techniques and instrumentation for brain tissue
monitoring

The spectral and spatial information that constitutes the
hypercube can be collected in different ways, according to
the configuration of the HSI system and its instrumentation.
The three main hyperspectral image acquisition modes can be
summarized as: (1) spectral scanning modes, (2) spatial

scanning modes and (3) snapshot modes, also called snapshot
imaging spectrometry [1, 49, 54].

Spectral scanning modes consist of the sequential
acquisition of 2D images of the target at each required
wavelength band. Every acquired image corresponds essen-
tially to a single spatial slice (x, y) of the hypercube. At each
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 illumi-
nation source (excitation-side) or filtering the reflected/
emitted light before detection (emission-side). For this pur-
pose, different filtering technologies can be used. Among
these, mechanical filtering via filter wheels is one of the most
widely employed [1, 4, 31]. It is advantageous for its low
complexity and cost, though the number of spectral bands that
can be installed in the wheel is usually limited (up to 8–10),
as well as the spectral resolution and the selection of the
specific wavelengths required. In addition, the switching
speed between filters is typically slow [1]. Tunable filters,
such as acousto-optical tunable filters (AOTFs) and liquid
crystal tunable filters (LCTFs), can provide much higher
image quality and better spectral resolution and sampling over
a wide range of wavelengths. They also offer rapid tuning
rates that can significantly reduce the total acquisition time for
a single hypercube [1, 49]. As an alternative to filtering,
spectral scanning can also be performed by directly switching
between multiple sources with narrow spectral emission, such
as light-emitting diodes.

Spatial scanning modes acquire spatio-spectral informa-
tion at each scan of succeeding 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). This approach is
commonly called point scanning or whiskbroom scanning.
Alternatively, the spectral data (x, λ) of a single array of
pixels can be acquired at each scan to build the hyperspectral
dataset line by line along the other spatial dimension (y). In
this case, the acquisition mode is known as linear scanning or
pushbroom scanning. Both of the two modalities require a
relative movement between the subject and the hyperspectral
setup and, compared to spectral scanning, do not provide a
real-time display of the whole field of view (FOV) of the
image. Collimating devices and optical spectrometers are
typically necessary to accomplish the spatial scanning pro-
cedure: pinhole apertures (for point scanning) or slits (linear
scanning) collimate light to image (or illuminate) only a
portion of the FOV; while dispersive devices, such as dif-
fraction gratings and prisms, are used to separate the poly-
chromatic light into its constituent wavelengths [1].

Snapshot HSI techniques encompass a number of acquisi-
tion approaches that normally share the capability of recording
every image at each spectral band simultaneously, within a
single integration time of the detector. These modes totally
eliminate the need of scanning procedures. Most snapshot
techniques used for brain tissue metabolic monitoring rely on
dispersive elements, like prism arrays and mirrors, in order to
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split the FOV of the imaged subject into sections (slices or
portions of the image) that are then separated in their spectral
constituents. After that, the sections are distributed and recorded
over the whole detecting area. By doing that, the detector is
divided 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) [49, 55]. The sim-
plest configuration involves multiplexing the detector area of the
full image at each wavelength. Alternatively, image slicing
spectrometers separate the image in slices. However, IMS
approaches are generally limited by the dimension of the
detector area, which consequently restricts the size of the
hypercube and the spatial resolution of the images [49, 55].

Generally, HSI acquisition via spectral or spatial scan-
ning provides higher spectral resolution and enables the use of
a greater number of wavelengths bands, although at the cost
of a longer imaging time. They are also more sensitive to
motion artifacts and distortions in the final reconstructed
image, which may occur if the subject moves during the time
of a single hypercube acquisition. This may produce sig-
nificant issues especially for in vivo applications [1, 4, 54].
Contrariwise, snapshot HSI systems have the advantage of
reducing the acquisition time of each hyperspectral dataset,
since they can capture an entire hypercube 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 [1, 4, 55].

In almost every application of HSI in imaging of brain
metabolism and hemodynamics, illumination of the target is
normally delivered by white light sources encompassing a
broad range of wavelengths, e.g. halogen lamps or gas dis-
charge 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 (see
section 3). Still, an alternative way to provide broadband
illumination is represented by supercontinuum lasers, espe-
cially in spectral acquisition mode, due to their large spectral
range (typically covering visible and infrared emission), high
intensity and power output, as well as for their fast repetition
rates. However, they are typically more expensive compared
to conventional light sources.

For light intensity detection, charge-coupled devices
(CCDs) are the most extensively used sensor instruments for
hyperspectral measurements of brain metabolism and hemo-
dynamics in any acquisition mode, due to their high quantum
efficiency and low dark noise [1]. They represent a well-
established detection technology at relatively moderate cost
and can cover large spectral ranges, spanning from visible to
NIR light. Nonetheless, complementary metal-oxide sensors
(CMOS), particularly the so-called scientific CMOS (or
sCMOS), are rapidly emerging as alternative imaging detec-
tors for the light intensities involved in HSI, as they can
combine fast frame rates with high dynamic ranges.

Commercial hyperspectral cameras, mostly based on snapshot
mode, have also started to appear on the market in recent
years and have been used for brain tissue metabolic and
hemodynamic imaging. Spatial resolution of the reviewed
HSI systems varies from recording only spread and feature-
less 2D responses in the brain (in the order of cm or mm) to
visualization of small details of the cerebral vasculature
(down to a few μm), mostly depending on the type of
detector, the FOV, the used reconstruction algorithm, as well
as the selection of the spectral bands.

Table 1 provides an overview of the representative HSI
systems that will be discussed in the next sections for imaging
and monitoring metabolic and hemodynamic activity of brain
tissue. Their characteristics are summarized, together with
their instrumentation, the image acquisition mode, the meta-
bolic parameters that they target and the triggering stimulus or
condition.

1.4. Measuring metabolic brain activity and hemodynamics

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-consum-
ing organs. It utilizes about 20%–23% of the total energy
requirement of the human adult body, despite representing only
2%–2.3% of its overall weight [56]. When the brain is subject to
metabolic activation due to signaling events stimulating cerebral
cells, an overall increase in ATP demand normally occurs. This
energy demand 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 varies depending on the
state of the subject, being for instance either awake, uncon-
scious, anesthetized or even comatose [34].

The detection and measurement of cerebral metabolic
signals through imaging enables to identify and localize
changes in brain activity and function under several condi-
tions: from resting state, through functional activation and
response to stimuli, to irregular physiological circumstances,
such as during tissue hypoxia, hyperoxia and even acute
ischemia. In particular, these abnormal conditions can disrupt
normal metabolism in deleterious ways, for instance due to
oxygen deficiency (in the cases of hypoxia and ischemia), and
subsequently lead to severe damages to cerebral tissues [57].

Different and interconnected energy-producing pathways
compose the overall metabolic activity of brain tissue: among
them, the two major ones are glycolysis and oxidative meta-
bolism, both cardinal in cellular respiration. Parameters rela-
ted to these processes and optical signals from compounds
directly involved in their key reactions, as either metabolites
or products, can be measured independently via HSI techni-
ques [34, 56, 58]. Figure 2 summarizes the main metabolic
pathways that can be targeted via HSI and the corresponding
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Table 1. Features, instrumentation and acquisition methods of every representative HSI system reported in the current article for brain metabolic and hemodynamic monitoring.

References
Spectral
range (nm)

Number of
spectral
bands

Spectral
resolution (nm)

Acquisition
mode Illumination setup Detection setup

Metabolism
target

Targeted stimulus
or condition

Malonek [87] 500–700 — 1–4 Linear
scanning

White light source CCD+slit+diffraction
grating

Tissue
oxygenation

Visual stimulation

Devor [89] 560–610 6 10 Spectral
scanning

White light source+
filter wheel

CCD Tissue
oxygenation

Whisker
stimulation

Konecky [91] 484–652 38 3–8 Snapshot White light source CCD+prism array Tissue
oxygenation

Whisker
stimulation

Shonat [94] 504–600 12 5 Spectral
scanning

White light source CCD+AOTF Tissue
oxygenation

Hypoxia and
hyperoxia

Pichette [98] 481–632 16 ∼15 Snapshot White light source Commercial snapshot camera Tissue
oxygenation

Epileptic spikes

Dunn [88],
[89], [109]

560–610, 768 7 10 Spectral
scanning

White light source+
filter wheel+laser

CCD CMRO2 Tactile stimulation

Jones [110] 560–610, 768 7 10 Spectral
scanning

White light source+
filter wheel+laser

Two CCDs CMRO2 Focal cerebral
ischemia

Gao [134] ∼480–600 25 5.6 Snapshot White light
source+filters

CCD+image slicer Fluorescence Fluorescent phan-
tom model

Yin [95] 450–650 9 20 Spectral
scanning

White light source CCD+LCTF CCO CSD

Note. CCD, charge-coupled device; AOTF, acousto-optical tunable filter; CMRO2, cerebral metabolic rate of oxygen; LCTF, liquid crystal tunable filter; CCO, cytochrome-c-oxidase; CSD, cortical spreading depression.
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parameters and optical signals used to quantify brain meta-
bolic activity.

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 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
mitochondria, where oxidative metabolism takes place
[34, 58–60].

During oxidative metabolism, pyruvate is first converted
into acetyl-CoA inside the mitochondrial matrix, creating also
additional NADH and carbon dioxide (CO2) as a waste by-
product. Subsequently, acetyl-CoA is oxidized 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 gener-
ated, called reduced flavin adenine dinucleotide (FADH2),
which like NADH it is utilized as a redox agent in the final
stage of oxidative metabolism, called oxidative phosphor-
ylation. Oxidative phosphorylation occurs in the inner mem-
brane of the mitochondria and primarily involves a series of
redox reactions ultimately releasing chemical energy used to
synthetize additional ATP. These redox reactions are medi-
ated by four protein complexes linked together to form the

Figure 2. Diagram of the major metabolic pathways in brain tissue. Key metabolites and processes are reported, and related optical signals
and parameters (in green squares) can be measured and estimated using different HSI approaches: namely, quantification of CMRO2,
detection of fluorescence from NADH and FAD, plus monitoring of the redox states of CCO.
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ETC. NADH and FADH2, produced in the early phases,
initiate such process by donating electrons and converting
into their corresponding oxidized forms, i.e. NAD and FAD,
respectively. The electrons are then transferred through each
of the ETC complexes. Oxygen (O2), carried by hemoglobin
in the blood, diffuses into brain cells and receives the trans-
ported electrons via complex IV (also known as cytochrome-
c-oxidase, CCO) in the ETC, converting O2 into water and
CO2. Finally, the redox potential change in the ETC drives
the production of ATP through another large enzyme com-
plex, called ATP synthase [58–60].

It is evident that oxygen plays a crucial role in oxidative
metabolism, being the ultimate electron acceptor leading to
energy production and thus it is a key component, together
with glucose, for fueling the entire metabolic activity of brain
tissue. Moreover, the net amount of ATP produced during
oxidative phosphorylation, equal to about 30–32 molecules,
greatly surpasses that generated via glycolysis and all other
metabolic pathways, which total around five units [34].
Hence, mapping oxygen delivery and consumption across
regions of the brain is one of the ways to directly measure and
quantify brain metabolism. Nonetheless, monitoring just the
changes in concentrations of the two states of hemoglobin, i.e.
oxygenated (HbO2) and deoxygenated (HHb), in a specific
area of the brain does not explicitly assess O2 consumption in
metabolism. It is an index of oxygen demand and delivery to
brain tissue during rest conditions and under functional acti-
vation [61]. Brain oxygenation and hemodynamics mapping
is also fundamental to evaluate brain operation during oxy-
gen-dependent conditions, such as hypoxia, hyperoxia and
ischemia [62]. Functional magnetic resonance imaging
(fMRI) and functional NIR spectroscopy (fNIRS) are the
major modalities that have been used to achieve this purpose
[63–65]. In particular, HSI for brain oxygenation has relied on
approaches and methodologies similar to those used in
fNIRS, which will be largely discussed in section 2.

The principal parameter that is utilized to quantify cere-
bral oxidative metabolism is CMRO2. CMRO2 is the rate of
oxygen consumption by the brain and it is strongly related to
the cerebral blood flow (CBF) [34, 66]. It can be measured
directly in vivo using positron emission tomography, by
imaging the uptake of radiolabelled 15O compounds [67].
However, indirect assessments of CMRO2 from hemody-
namic parameters have also been proposed and investigated
via fMRI [68] and fNIRS [69]. Section 3 will describe
extensively how HSI has been applied so far to estimate
CMRO2 from measurements of CBF and other hemodynamic
parameters.

Finally, optical imaging techniques have the capability of
assessing cellular 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 range. Thus, by exciting these
compounds in brain tissue with 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 [70–72]. FAD and NADH have also
been targeted by HSI systems, taking advantage of their
superior spectral resolution and high number of wavelength
bands to simultaneously resolve their corresponding fluor-
escent signals. These approaches can thus provide a new way
to assess brain metabolism. This will be discussed in
section 4.

Fluorescent exogenous analogs 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 section 4, although without being
extensively discussed in this article.

Similarly, the difference in the absorption spectra of the
reduced and oxidized states of CCO can be used to measure
its in vivo concentration. As seen previously, its redox states
are associated with O2 reduction and consumption in oxida-
tive metabolism. Therefore, monitoring and localizing CCO
in cerebral tissue can potentially provide another marker to
quantify brain metabolic activity. Studies will be reported in
section 4, on the use of broadband fNIRS to measure CCO
during brain functional activation and under hypoxic condi-
tions [60, 73]. Section 4 will also cover the feasibility and
proposals of applications of HSI to target and image CCO, as
a possible future solution for quantifying oxidative metabo-
lism in the brain.

2. HSI of brain tissue oxygenation during metabolic
activity changes

So far in the literature, the use of HSI to map localized
changes in oxygenation of various regions of the brain is the
most reported application of this optical technology to cere-
bral tissue metabolic and hemodynamic monitoring. The
in vivo measurement of the intrinsic contrast provided by
HbO2 and HHb has been an established pillar of fNIRS and
diffuse optical imaging (DOI) since its first demonstration by
Jöbsis in the 1970s [64, 73], due to the distinctive absorption
spectra of these two chromophores (see figure 3) and the
advantage of the optical window (as mentioned earlier).

The two states of hemoglobin are the major absorbing
substances in the brain in the visible and NIR regions.
Therefore, changes in their relative concentrations can be
resolved by measuring variations in the absorption of brain
tissue during oxygenation and perfusion. The use of multiple
wavelengths between 400 and 1000 nm permit to obtain
superior sensitivity to these changes and better discrimination
between HbO2 and HHb [7, 49, 52]. For this reason, the
higher spectral resolution and narrower bandwidth of HSI
technologies are suitable for this task, having the potential to
acquire more precise and exhaustive spectral information of
the two compounds.

As mentioned before, mapping brain tissue oxygenation
does not provide direct 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
oxygen delivery and consumption, in order to fuel the
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increased neural activity [76–78]. A typical cortical response
to a stimulus involves an increase in the local concentration of
HbO2, due to increased oxygen supply, along with a reduction
in HHb [77, 78]. The total concentration of hemoglobin
(HbT), given by the sum of the concentrations of HbO2 and
HHb, also shows an increase, although smaller than that in
HbO2. The concentration of HbT can be derived from the sum
of the measured concentrations of HbO2 and HHb, or via a
direct measurement through the selection of wavelength
bands corresponding to the isobestic points of the absorption
spectra of the two chromophores (at around 500, 529, 570 and
798 nm) [31]. The overall timing of the hemodynamic
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 hemoglobin considered. Nonetheless, the whole reaction
has a typical duration in the order of seconds to tens of sec-
onds, with a delay usually between the beginning of the sti-
mulus and the peak of the hemodynamic changes [31, 78].

The hemodynamic response of brain tissue to altered
oxygenation conditions, such as hypoxia, hyperoxia and
ischemia, is more complicated and heterogeneous than the
response to functional activation, due to the occurrence of
larger systemic and physiological effects. Examples of these
effects are variations in respiratory rate, ventilation and heart
rate [79]. The magnitude and timing of the hemodynamic
response are also dependent on the magnitude of the reduced
(or augmented) oxygenation, reaching maximum severity in
cases of acute ischemia and anoxia. In controlled exper-
imental protocols, the amount of oxygenation is normally set
by the fraction of inspired oxygen (FiO2). Again, it is possible
to identify a common and established trend for the changes in
concentrations of the two states of hemoglobin.

Typically, transient hypoxia induces a progressive
decrease in HbO2 and increase in HHb, which become more
severe as FiO2 is reduced. Both HbO2 and HHb eventually
tend to plateaus as the hypoxic condition is maintained with
time. HbT also usually shows a general rise, due to vascular
dilatation and increase in heart rate [60, 79, 80]. In ischemia,
which is typically induced by surgically blocking 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, as well as significant drop in HbT [57].
Conversely, a reverse situation can be observed in the case of
hyperoxia, where HbO2 increases and HHb diminishes with a
similar slow tendency to stable new levels. The incremented
oxygen supply also results in an increase in HbT due to the
larger concentration of oxygen in the blood [81, 82].

The majority of the HSI methodologies used to calculate
the changes in the concentrations of HbO2 and HHb from
measurement of light attenuation (in each pixel of the
hyperspectral images) are based on the modified Beer–Lam-
bert law (MBLL), developed by Delpy et al [83]. The MBLL
correlates the attenuation A of light intensity through brain
tissue at a specific time t and wavelength λ with the con-
centration ci of a number of N targeted chromophores, as
following:
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where I is the detected intensity, I0 is the incident intensity in
the tissue area, εi is the molar extinction coefficient of the ith
chromophore, ci is the concentration of the ith chromophore
and G is a geometrical factor assessing scattering-related loss
of light intensity in the brain. The differential optical path-
length Da(λ) accounts for the wavelength-dependent incre-
ment in the distance traveled by the photons in the tissue due
to multiple scattering. Therefore, it represents the ‘true’
optical pathlength effectively covered by the light in the
cerebral tissue, which is can be also indicated as PL [84, 85].

The application of the MBLL to measured intensity
spectra does not normally permit to calculate absolute con-
centrations, but only relative temporal changes Δci in con-
centrations during a specific time interval Δt between a
specific time point t1 and an initial time t0, usually corresp-
onding to the basal rest condition. In this way, by looking at
the variation in ΔA in Δt, it is assumed that the change in the
scattering properties of brain tissue is small compared to the

Figure 3. Molar extinction spectra of HbO2 (solid) and HHb (dashed) in the visible (left) and NIR range (right). The values are taken from
Scott Prahl [74] for the visible range and from UCL Biomedical Optics Research Laboratory (BORL) database [75] for the NIR range.
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change in absorption due to the considered chromophores; it
is also assumed that the incident light intensity I0 is stationary
in time. Thus, the terms G and I0 can be canceled out from the
derived equation:
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Applying the previous equation (2) to the case of HbO2

and HHb and extending it to an arbitrary number M of
wavelength bands λn (according to the HSI setup), a system
of M linear equations can be obtained. The system can be
solved for the temporal changes of concentrations Δ[HbO2]x,y
and Δ[HHb]x,y in each pixel (x, y) of the acquired hyper-
spectral images, provided that the molar extinction coeffi-
cients nHbO ,2e l and ε

HHb,λn
of the two chromophores at each

involved wavelength are available:
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Accurate estimates of the differential optical pathlength
Da(λn) at each wavelength are necessary in order to calculate
the relative changes in the concentrations of HbO2 and HHb.
In fNIRS, direct assessments of this optical pathlength can be
performed by measuring the time-of-flight of photons in the
targeted tissue area [83]: such approach is advantageous for
this acquisition configuration, involving the detection of dif-
fused NIR light and relatively large source-to-detector dis-
tances (normally few cm). However, for HSI applications that
normally measure reflected photons consisting also of visible
light, the optical pathlength is generally very small
(∼1–2 mm), thus the temporal resolution requirements to
measure the time-of-flight are more difficult to achieve.
Therefore, indirect estimations of Da(λn) are largely derived
from numerical analysis based on the diffusion theory and on
Monte Carlo simulations [85]. Furthermore, HSI requires the
2D distribution of the source illumination on the imaged area
to be taken into account for a correct evaluation of the optical
pathlengths in reflectance mode imaging.

HSI systems using the MBLL have been mostly used to
monitor hemodynamics response in brain tissue during
metabolic activation by targeting in vivo the exposed cortex of
animal subjects, especially rodents and cats [86–91]. Malonek
et al [87] implemented one of the first applications of linear
scanning HSI to functional brain mapping, by targeting the
exposed visual cortex of an anesthetized cat with visible light
in the range 500–700 nm and spectral resolution spanning
between 1 and 4 nm. The HSI system used a slit and a dis-
persing grating assembly to acquire sequential spatio-spectral

images and reflection spectra of brain microcirculation and
hemoglobin response to variable visual stimulation. This
showed highly localized hemodynamic responses to the sti-
mulus in specific cortical regions within the first 3 s, with
concentration changes spreading to larger distances of several
millimetres in the later phase of metabolic activation.

Similarly, Devor et al [89] investigated the hemodynamic
response of the brain to functional activation, as well as the
coupling between neural activity and blood oxygenation
during metabolic activity changes. For this purpose, a spectral
scanning imaging system was tested on the exposed soma-
tosensory cortex of rats during whisker stimulation. The setup
was composed of a mercury xenon arc lamp filtered with a
6-position rotating filter wheel and it employed just six con-
tiguous wavelengths (560, 570, 580, 590, 600 and 610 nm) at
a switching rate of about 3 Hz. Each spectral image was then
acquired sequentially using a cooled 12-bit CCD camera.
Calculations of the variations in HbO2 and HHb were per-
formed using the MBLL and expressed in percentage 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 differ-
ential optical pathlength at each wavelength was estimated
using Monte Carlo simulations based on Kohl et al [85]. The
calculated oxygenation change maps, showed in figure 4,
spatially localized an initial increase in 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. These hemodynamic results were
then compared to simultaneous electrophysiological record-
ings in the same region of the brain using metallic electrodes,
which quantified synaptic electrical activity: the comparison
between these two different signals indicated a nonlinear and
unsynchronized relationship between the neural activation
and the hemodynamic response.

A critical factor to be considered in HSI of the exposed
cortex is the depth of penetration traveled by the detected
light in the brain tissue. Since this reflected light usually has
penetrated few millimetres in the cortex, the overall measured
signal results to be composed of weighted contributions
belonging to various layers of cerebral tissue (i.e. surface of
the cortex and parenchyma), where optical properties and
vasculature structure differ. Therefore, this generates a diffi-
culty in localizing precisely the depth in the cerebral cortex at
which the hemodynamic response occurs. The problem is
further complicated by the fact that the penetration depth is
also wavelength-dependent, since photons at different wave-
lengths experience different optical pathlengths in the same
brain region.

A recent work by Konecky et al [91] tried to assess the
issue of depth sensitivity by using a diffuse optical tomo-
graphy (DOT) approach to HSI of rat somatosensory cortex
under single whisker stimulation. They developed a snapshot
HSI system [92] using 38 spectral bands from 484 to 652 nm
at an image rate of 5 Hz. The spectral resolution of the system
varied from 3 to 8 nm, while the imaged FOV was 6×6 mm.
In addition to the application of the MBLL to calculate
changes in HbO2 and HHb, they also implemented the Rytov
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approximation [93], typical of DOT image reconstruction,
analyzing the depth-dependent distortion of the reflectance
spectra in order to localize the hemoglobin variations at
various depths in the brain tissue. The results of the invest-
igation reported a peak in the hemodynamic response after 3 s
post-stimulus using the MBLL, while the Rytov approx-
imation estimated a longer time to peak of about 4 s. The
magnitude of the concentration changes calculated with the
Rytov tomographic reconstruction were also larger than those
obtained by the MBLL, due to the partial volumetric effects
the Rytov approximation accounted for. The DOT-based
approach was also able to localize the maximum of the
hemodynamic 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 configuration of the HSI
system and part of the results of the study are shown in
figure 5. The difference in the depth at which the maximum
variations in HbO2 and HHb occurred during functional
activation may be attributed to a rapid depletion of oxygen in
the superficial cortex, followed by a reperfusion of oxyge-
nated blood in the same region. It could also be related to the
different distribution of arterioles and venules in brain tissue
layers, although the authors also suggested a potential tech-
nical limitation of the system to fully resolve the depth of the
two chromophores.

The targeting of the exposed cortex of small animals
using HSI has also been a preferential choice in several stu-
dies assessing hemodynamic response and brain tissue oxy-
genation during induced hypoxia and hyperoxia [94–97].

Shonat et al [94] were among the first to use HSI with AOTFs
to study the hemodynamic 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 AOTFs permitted a rapid sequential
acquisition of 12 wavelengths from 504 to 600 nm (5 nm
bandwidth 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
HbO2 and HHb using the MBLL and from these, hemoglobin
saturation (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 nor-
moxia, to finally hyperoxia) was found to match that of PO2,
except for the final increment in SO2 during hyperoxia. This
did not mirror the larger change of PO2, possibly indicating
that hemoglobin was close to saturation in that condition.

HSI imaging of brain tissue hemodynamics during neural
activation has not been only confined to small animal ima-
ging. Several attempts to apply hyperspectral approaches to
the human exposed cortex are present in the literature, pri-
marily during epilepsy surgery [98–100]. Pichette et al [98]
recently tested a proof-of-concept snapshot HSI system
combining a neurosurgical microscope with a commercial
hyperspectral camera for simultaneous detection of 16 spec-
tral bands ranging from 481 to 632 nm, with spectral reso-
lution of about 15 nm (FWHM). This setup was utilized on a

Figure 4. 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 percentage variations respect to baseline (60 and 40 μM, for HbO2 and HHb respectively). Reprinted from [89], Copyright
(2003), with permission from Elsevier.
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fully exposed adult cortex before epileptogenic tissue resec-
tion, at a frame rate of 20 fps and acquisition time of 40 ms
per frame. The resulting changes in concentrations of HbO2,
HHb and HbT were calculated using the MBLL, together with
a spectral unmixing algorithm, and provided hemodynamic
monitoring of the resting metabolic state of human brain
(figure 6). Small changes in the hemodynamic response
compared to the baseline were attributed to a mix of Mayer
waves, vasomotion and epileptic spikes.

Before concluding this section, it must be noted that
using MBLL to map hemodynamic changes during brain
metabolic activation is not the only approach to hyperspectral
data processing that has been investigated. Multivariate ana-
lysis algorithms, such as principal component analysis
[101, 102] and independent component analysis [103], have
also been implemented to hyperspectral images of brain
hemodynamics, primarily to reduce the large amount of
information that HSI provides. These types of statistical-

Figure 5. (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 hemodynamic
response at different depths z in brain tissue after 4 s post-stimulus. Reproduced with permission from [91].
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based analyses are more technically familiar to applications of
HSI in various fields outside biomedical applications [104].

3. Assessment of CMRO2 using HSI

2D hyperspectral measurement of brain hemodynamic
response under metabolic activation (as discussed in the
previous section) provides high-resolution visual information
about the current oxygenation 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 continuous
fueling of neural activity. CMRO2 is the hemodynamic and
metabolic parameter that accounts for brain oxygen con-
sumption and its calculation requires the measurement of the
CBF, to quantify the amount of O2 that is transported into and
out of specific activated brain regions over time. A 2D
mapping of CMRO2 thus represents a direct measure of cer-
ebral oxidative metabolism and its variations under different
circumstances, due to the targeting of molecular oxygen as an
essential key element.

CMRO2 is generally defined as the product of CBF and
the cerebral oxygen extraction factor, which is given by the
net difference between cerebral arterial oxygen saturation
(SaO2) and cerebral venous oxygen saturation (SvO2):

CMRO CBF SaO SvO . 42 2 2= ⋅ -( ) ( )

Both SaO2 and SvO2 depend on the measurement of
other cerebral hemodynamic parameters, i.e. the concentra-
tions of HbO2, HHb and HbT. Several models have been
proposed over the years to express the correlation between
CMRO2, hemodynamic parameters and CBF [105–107]. A
general equation to derive the relative change ΔCMRO2

respect with a baseline CMRO2 was first established by
Mayhew et al [107, 108]:
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In equation (5), [HHb]v and [HbT]v are the baseline
concentrations of HHb and HbT in the localized brain venous
compartment, while Δ[HHb]v and Δ[HbT]v are the corresp-
onding time-dependent changes after metabolic activation
(typically measured in μM). Similarly, CBF and ΔCBF
represent the baseline value of the CBF and its post-activation
change (generally in mmmin–1), respectively. Assuming that
the hemoglobin concentration changes in the venous com-
partment are proportional to those across all the brain vas-
culature, a more general and simplified formula can be
derived:
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where γr and γt are factors correlating the hemoglobin base-
lines ([HHb]v and [HbT]v) and the hemoglobin changes

Figure 6. In vivo intraoperative HSI of the hemodynamic response in human exposed cortex: the top-left image shows the RGB image of the
cortex, while the remaining pictures present the maps of the calculated relative changes in the concentrations of HbO2, HHb and HbT
(clockwise from top-right). Contrast outside the major vessels (dark areas) was enhanced in order to highlight the small oxygenation changes
in the capillary regions. The gray areas correspond to eliminated saturated regions of pixels, due to specular reflection. Reproduced with
permission from [98].
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(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:
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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, combina-
tions of HSI with other flowmetric imaging modalities cap-
able of measuring in vivo CBF have been tested and
investigated, to simultaneously acquire data of all the relevant
quantities necessary for calculating CMRO2 using
equation (6), thus assessing oxidative metabolism during
brain activation [88, 109–112]. Laser speckle contrast ima-
ging [113] is one of the most suitable techniques to imple-
ment in a single system together with HSI. It takes advantage
of the speckle random interference produced by laser light
after it is scattered by brain tissue. 2D detection of this
scattered light produces images characterized 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 images acquired over time.
Hence, the rate of variation of the speckle pattern can be
mathematically correlated with the time-varying velocity of
the red blood cells in each pixel, which can be used to spa-
tially resolve and quantify CBF at specific time points [114].

Dunn et al [88] proposed an integrated system combining
laser speckle contrast imaging with the six-wavelength HSI
setup that was previously described in section 2 and used to
calculate metabolic-related hemodynamic changes in the
exposed cortex [89]. In addition to the filtered illumination at
560, 570, 580, 590, 600 and 610 nm, they used an expanded
laser diode to illuminate the exposed cortex of mice at
785 nm, in order to generate the image speckle. In earlier
studies [88, 109], the speckle contrast images were acquired
with the same CCD camera utilized to collect also the
hyperspectral intrinsic signal from HbO2 and HHb. With this
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 first of
these studies [88], only maps of the fractional changes in
HbO2, HHb and CBF were calculated, as the ratio between
the responses integrated over 3–4 s after the stimulus and the
corresponding pre-stimulus baselines. As depicted in
figure 7(a), the HSI-derived images localized the area of the
cortex associated with the maximum rises in HbO2 and CBF,
although the peak of the latter covers a larger, more spread
and less defined region. CMRO2 was calculated using
equation (6), assuming unitary values for γr and γt. Its aver-
age temporal evolution over the activated area for all the
duration of the stimulus was found to follow a similar trend to
the hemodynamic response of HbO2. The same resulted for

the time-variation of CBF, even though its response was
found to be about three times greater than that of CMRO2.

In the second investigation with the same system [109],
the spatial localization and extent of the changes in CMRO2

were mapped as well (figure 7(b)), and then compared with
the other parameters, in order to relate metabolic and hemo-
dynamic responses in the brain during functional activation.
The peak responses of CMRO2, hemoglobin and CBF all
showed a similar distribution in the same activated region,
with CMRO2 covering a slightly larger area only in the pre-
liminary phases of the stimulus onset. However, as in the
previous investigation, the ratio ΔCBF/ΔCMRO2, indicating
blood flow consumption by metabolism, was found to be
equal to 1.5 and 2 for the peak responses to whiskers and
forepaw stimulation, respectively. The authors suggested that
this discrepancy in the responses of CBF and CMRO2 sup-
ported the hypothesis of an uncoupling between cerebral
oxidative metabolism and brain hemodynamics during acti-
vation. Additionally, in contrast with the first study, the
temporal trends of the percentage changes in CBF and
CMRO2 showed a prolonged plateau after the peak of their
respective responses.

An important question which was also targeted by the
second study using the system of Dunn et al [109] regards the
dependency of the estimated CMRO2 on the assumed values
of γr and γt. The effects of these vascular weighting constants
on the spatial extent of the metabolic and hemodynamic
quantities were then evaluated by varying both γr and γt from
0.5 to 2, which represents the expected physiological range of
these two factors [108]. Consequently, only a small percent-
age change in the spatial extent of the CMRO2 response was
estimated across the range of the γ factors compared to the
unitary assumption (γr =γt =1), thus implying a limited
influence of the assumed vascular compartmentalization on
the assessments of the cerebral oxidative metabolism.

A second version of the aforementioned system was later
developed and included a secondary CCD camera for separate
acquisition of the laser speckle images. This new setup was
then applied to image and monitor the metabolic and hemo-
dynamic states of the exposed cortex of a mouse during
induced focal cerebral ischemia [110]. This condition resulted
in much larger relative variations in both CBF and in the
concentrations of HbO2 and HHb, compared to those asso-
ciated with functional activation; thus, a first-order linear
approximation of the nonlinear system derived from the
MBLL (see equation (3)) was found to lead to significant
errors in the calculations of the hemodynamic response. The
results of the MBLL were compared with numerical simula-
tions to account for the large increase of the optical path-
lengths (more than 60%) in the ischemic core, in comparison
with their corresponding baseline values. Overestimation of
the decrease in the concentration of HbO2 during the acute
ischemic-hypoxia was demonstrated with the MBLL, com-
pared to the numerically predicted changes. Contrarily, a
nonlinear fitting algorithm minimizing the difference between
the measured light reflectance and that predicted through a
perturbation Monte Carlo model showed better accuracy and
consistency with the simulated results. Subsequently, larger
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drops in HbO2, CBF and CMRO2 were localized in the
ischemic core right after the onset of the acute hypoxic con-
ditions, while HHb increased as expected. A further reduction
in all the hemodynamic quantities and in cerebral oxidative

metabolism was also reported, spreading first to the ischemic
penumbra and then to the non-ischemic areas. Persistent
reduction in CMRO2 progressed as ischemia was maintained,
even in areas unaffected by direct hypoxia. However, small

Figure 7. (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 responses of HbO2, HHb, HbT, CBF and CMRO2

(d) are also shown as averaged values over the activation area. Reproduced with permission from [88], Optical Society of America. (B)
Spatial extent of HbO2, HHb, HbT, CBF and CMRO2 superimposed on an image of the exposed cortex of a mouse during forepaw
stimulation. The responses have been averaged around their peaking times and thresholded at 1/3 of their maximum values (A=anterior,
L=lateral, scale bar=1 mm). Reprinted from [109], Copyright (2005), with permission from Elsevier.
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residuals of metabolic activity were found to persist across the
image cortex. The removal of the hypoxic conditions,
allowing brain tissue reperfusion, resulted in a recovery of all
the metabolic and hemodynamic parameters, although not
back to pre-ischemia levels. Calculated CMRO2 values after
reperfusion remained below those of the baseline before the
hypoxic onset, thus implying a possible irreversible sup-
pression of the metabolic activity of the affected brain tissue.

In conclusion to this section, it is worth to mention a
methodology proposed by Boas et al [69] for indirectly
estimating the variation of CMRO2 during metabolic activa-
tion using only measured changes in HbO2 and HHb derived
from optical data, i.e. without the need of CBF measurements.
This approach is based on the Windkessel model [115] 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 mea-
surements of the changes in the concentration of HbT and
under the assumption that during the hemodynamic response:
Δ[HbT]/[HbT]=ΔCBV/CBV. The approach was applied
and validated using human fNIRS data measured at two
wavelengths (682 and 830 nm) during motor stimulation.
Although the methodology was shown to produced estimates
of CMRO2 in the same range of parallel experimental findings
in the literature, it also seemed to be affected by some lim-
itations in its accuracy. In particular, the optical approach was
unable to discriminate between a tight coupling of the var-
iations 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 have been found so far in the
literature.

4. HSI of cerebral cellular energetics: a future
perspective

An alternative approach to hyperspectral in vivo monitoring
of brain metabolic activity and function focuses on measuring
mitochondrial energetics and ATP production in the neurons
directly. Instead of targeting hemodynamics parameters, such
as the different states of hemoglobin and the CBF, the optical
properties of different compounds involved in neuronal
energy production can be exploited, in order to assess and
quantify metabolism by measuring the changes in the redox
states of these 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. Nonetheless, it has
the unique capability to provide a specific insight to the
molecular processes on which the cerebral metabolic activity
is based and by which it is fundamentally driven. Thus, it can
be seen as a future promising direction in the application of
biomedical hyperspectral monitoring to the metabolism of the
living brain, particularly if coupled with the complementary

information provided by the simultaneous imaging of cerebral
hemodynamics and tissue oxygenation.

Fluorescent endogens such as FAD and NADH have
been imaged through hyperspectral methods, yet with very
few in vivo applications and none on the living brain.
Nonetheless, HSI setups explicitly targeting fluorescence
have been presented and tested, showing the capability of
simultaneous imaging multiple endogenous fluorophores.
This opens to the potential implementation of this metho-
dology for cerebral metabolic monitoring.

In addition to 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 analog of deoxyglucose with
emission around 550 nm, when excited at 475 nm [116]. This
compound has been used to monitor in vivo cerebral glucose
uptake in the brain [117]. However, to our knowledge, no
applications of HSI to 2-NBDG fluorescence have been found
in the literature.

Similarly, the quantification of CCO in vivo has been
largely demonstrated only through broadband spectroscopy
and fNIRS techniques. The transition from broadband point-
spatial approaches to 2D HSI for directly imaging the changes
in the redox states of CCO is proposed here as a potential new
solution for monitoring brain metabolism.

4.1. Fluorescence HSI of FAD and NADH

Flavoproteins (FAD/FADH2) and NADH represent the most
targeted intrinsic biomarkers of mitochondrial metabolism in
the brain cortex, due to their autofluorescence properties. The
reduced form of NADH shows maximum light absorption in
the range 320–380 nm, peaking at 365 nm, and it emits
fluorescent light between 420 and 480 nm, with a maximum
centered at 450 nm [72, 118]. Since its oxidized 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 and detects its
fluorescent emission [70]. Variations in the intensity levels of
the detected fluorescence indicate changes in the concentra-
tion of the reduced state NADH associated with the rate of
production 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 the contribution to the fluorescence signal of mitochon-
drial NADH is 6–8 times greater than that of NADH in
cytoplasm, thus connecting NADH fluorescence directly to
the process of ATP synthesis [119]. During hypoxic condi-
tions, NADH fluorescence and concentration increase,
reaching a maximum level under complete oxygen depriva-
tion and acute ischemia when oxidative phosphorylation is
largely suppressed. On the contrary, brain hyperoxia produces
a decrease in NADH due to increased oxygen supply, in the
same way as during functional activation [118].
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Similar to NADH, FADH2 is also actively involved in
mitochondrial energetics as an electron donor in the ETC.
However, it is its oxidized form, FAD, that exhibits fluores-
cence 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 (the latter is
the most exploited) [72, 120]. The response of FAD fluor-
escence emission to functional activation has been demon-
strated to be biphasic [121–124]: a brief (1–2 s) increase in
fluorescence intensity (light phase), corresponding to the
onset of the stimulus, is generally followed by a much slower
decrease in detected light (dark phase) within a few seconds
after the termination of the stimulus. In case of hypoxic
conditions, when metabolic activity reduces due to lack of
oxygen, relative changes in the FAD fluorescence emission
become evident only after significant deficiency of tissue
oxygenation (FiO2�10%), showing a decrease in the
fluorescent signal [125].

Relative differences in the fluorescence emission of FAD
and NADH compared to basal levels can then be imaged in
order to localize the sites of metabolic activation and quan-
titatively monitor mitochondrial energy production in the
brain. It has been found that the autofluorescence signal is
substantially larger (10–100 times) than the intrinsic optical
signal associated with hemodynamics and tissue oxygenation.
The fluorescence response also shows a faster temporal
course than the hemodynamic one [121, 123]. Moreover, the
signal strength and the spatial resolution of the hemodynamic
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 inde-
pendently of vasculature distribution [123].

It is also possible to combine the information provided by
the two different fluorescence signals of FAD and NADH by
simultaneous measurement: the ratio between the fluores-
cence intensity of the oxidized FAD and the fluorescence
intensity of the reduced NADH is commonly called fluores-
cence redox ratio and provides assessment of the overall
oxidation–reduction state in the mitochondria during meta-
bolic activity. A reduction in such redox ratio commonly
indicates an increase in cellular metabolic rate in response to a
stimulus or during specific conditions [126, 127].

Fluorescence imaging of the living brain has been widely
investigated by measuring the integrated emission intensity
over relatively wide bandwidths, yet mostly without using
any spectral information regarding the detected light. None-
theless, applications of HSI to the detection of the fluores-
cence signals emitted by FAD and NADH can provide
multiple advantages, by improving its quantitative accuracy
and potentially enabling image multiplexing, i.e. the simul-
taneous monitoring of both the two aforementioned molecules
and even of other chromophores (HbO2, HHb among others)
relevant to metabolism [128, 129]. Furthermore, analysis of
the fluorescent spectra can be used for depth discrimination
and localization of the emitting sources [129].

In vitro and ex vivo studies have been performed using
HSI to target fluorescent metabolites in brain cells and cere-
bral tissue [130–132], although in vivo brain functional stu-
dies have not been found in the current literature. Various
proposed HSI systems have been characterized 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
[131–136]. For example, Gao et al [134] proposed a hyper-
spectral snapshot system for fluorescence imaging, capable of
simultaneously acquiring 25 wavelength bands with 5.6 nm
spectral resolution and 0.45 μm spatial resolution. Snapshot
acquisition was obtained 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 centered at
520 nm, corresponding to the peak of FAD.

For future in vivo brain applications of HSI to FAD and
NADH fluorescence detection, the exposed cortex of small
animals could be again the preferential target, 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 source of one of the primary issues
concerning 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 cause significant damage to the illuminated tis-
sue. To overcome this problem, a combination of HSI with
another optical fluorescence technique, called two-photon
fluorescence imaging, may be advantageous [31, 137]. 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 by the
laser are absorbed simultaneously by the targeted fluorophore
via a nonlinear excitation process. Consequently, the com-
pound would emit fluorescence as if it was excited in the
usual way. This technique allows NIR excitation of FAD and
NADH with higher tissue penetration and eliminating the use
of UV light [138]. Hyperspectral approaches to two-photon
fluorescence imaging are currently being investigated [136,
139–141], opening up the possibility of moving such tech-
nology also towards in vivo measurements of brain
metabolism.

4.2. HSI of cytochrome-c-oxidase

When the use of NIR light for biomedical applications was first
proposed by Jöbsis [73], the primary intention was to measure
in vivo tissue changes in the redox states of CCO, because of its
fundamental role in metabolism. Following that milestone
study, fNIRS technologies and methodologies have been used
to specifically exploit the absorption properties of this chro-
mophore, in order to quantify directly and non-invasively cer-
ebral metabolic activity in both small animals and humans.
Indeed, broadband NIRS has shown the capability to combine
information provided by CCO with the complementary and
more extensively investigated hemodynamic response (from the
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measurements of HbO2 and HHb) [60, 142]. In particular, CCO
is a suitable biomarker for functional imaging of the brain, since
its cerebral concentration is far higher than in other extra-
cerebral tissues [143].

The advantage of using the NIR window to target CCO
(specifically the optical signature of its copper CuA redox
center between 780 and 900 nm) derives from the character-
istics of the molar extinction spectra of its oxidized (oxCCO)
and reduced (redCCO) forms. The total concentration of this
chromophore does not vary significantly over relatively short
periods of time (in the order of hours, thus much longer than
the typical time trends of cerebral metabolic activation); thus,
it has been demonstrated [60] that the difference absorption
spectrum between oxCCO and redCCO (figure 8), combined
with the measured changes in NIR light attenuation in brain
tissue, can provide direct information about the relative var-
iations in the CCO redox states in vivo. Particularly, con-
centration changes in oxCCO can be determined from the
knowledge of ε

diffCCO
(λ)=ε

oxCCO
(λ)−ε

redCCO
(λ), i.e. the oxi-

dized-reduced difference between the molar extinction coef-
ficients of CCO (the opposite can be done for assessing
changes in redCCO). As for the hemodynamic response, the
same MBLL approach previously described by equation (3)
in section 2 can be implemented to calculate the relative
changes Δ[oxCCO] in the concentration of the oxidized
species of CCO, by simply adding it as a third chromophore
to the system of equations [60].

As described in section 1, the oxidation of CCO is
directly correlated to production of ATP during cellular
respiration. Therefore, variations in the concentration of
oxCCO indicate alterations of the rate of metabolic energy
production in the brain. An increase in the relative con-
centration of oxCCO typically corresponds to an increment in
cerebral metabolism, for instance during functional activation
[144–146]. Oxidation of CCO is also affected by brain oxy-
gen supply [147]: during hypoxic conditions, oxCCO
response generally presents a decrease in concentration
[79, 143, 148], while an increase is typically associated with
hyperoxia [149]. However, CCO is not tightly coupled with
hemodynamics, due to its specificity to cellular metabolism,

as well as its dependency on the availability of electrons for
the ETC [147].

Several challenges are associated with the differentiation
of the oxCCO signature from the hemoglobin signals, pri-
marily due to the lower concentration of CCO in the brain (as
well as in any other tissue, in general) compared to hemo-
globin. Even though this is partially compensated by its
higher absorption in the NIR region, the overall maximum
contribution of oxCCO to the measurable optical signal is
typically an order of magnitude lower than the contribution of
HbO2 and HHb [60]. As a result of this, it is difficult to
separate the signal generated by CCO redox changes from
that related to the two hemoglobin species by just using few
selected wavelengths. However, it has been demonstrated
[150, 151] that the use of a high number of wavelengths
covering the entire range of the NIR peak of the difference
spectrum of CCO, from 780 to 900 nm (as seen in figure 8),
significantly improves differentiation between the oxCCO
and hemoglobin optical signatures, as well as overall accuracy
and quality of the data.

Broadband NIR spectroscopy is currently used to moni-
tor in vivo brain metabolism via measurements of the con-
centration changes in HbO2, HHb and oxCCO, to achieve
quantification of cerebral metabolic activation in different
situations, from functional stimulation to response during
oxygen-dependent conditions. Although NIRS analysis does
not provide direct imaging information, recent attempts to
spatially mapping brain metabolic activity have been pub-
lished, using multichannel broadband spectroscopy to topo-
graphically and even volumetrically resolve changes in CCO
and hemodynamics across different regions of the living
cerebral cortex [152, 153]. For instance, Brigadoi et al [153]
implemented a DOT approach to reconstruct the broadband
spectroscopic data measured at fourteen different spatial
locations in the left occipital cortex of human subjects during
visual stimulation. The measurements were accomplished
non-invasively via multiple-sources illumination of the head
with white light and detection of the attenuation spectra of the
diffused light. Seventeen discrete wavelengths from 740 to
900 nm at intervals of 10 nm were then chosen for the
reconstruction, to limit computational burden. Tomographical
maps were obtained for HbO2, HHb and oxCCO showing
their corresponding relative changes in concentration at dif-
ferent time points during and after the visual stimulus. As
reported in figure 9, the typical hemodynamic response to
functional activation was localized in the cortex, derived from
changes in HbO2 and HHb. The spatial and temporal variation
of oxCCO was found similar to that of HbO2, though with
lower magnitude in the concentration increase following the
stimulation.

The spatially-resolved spectroscopic approach of broad-
band fNIRS 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 best candidate for this. In this
perspective, HSI can be seen as the multidimensional
equivalent of broadband NIRS, where every pixel of the
image is associated with the corresponding spectral infor-
mation. The capability of HSI to utilize multiple narrow

Figure 8. Oxidized-reduced difference molar extinction spectrum of
CCO in the NIR range. The values are taken from UCL Biomedical
Optics Research Laboratory database [75].
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wavelength bands in the NIR range could be used to accu-
rately resolve the signal from oxCCO. From that, spatial
distribution of the changes in the concentration of oxCCO can
be monitored, thus providing a complete insight in the
metabolic activity of the brain. Moreover, 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, a single paper was found in the literature, by
Yin et al [95], presenting a hyperspectral approach to the
invasive imaging of CCO in the living brain, using visible
light instead of NIR, and by targeting the spectral signature of
its haem centers (collectively known as cytochrome aa3)
instead of CuA. The article reported a very comprehensive
study on the simultaneous HSI of hemodynamic response,
mitochondrial metabolism and scattering changes in the
exposed parietal cortex of rats during cortical spreading
depression (CSD), a particular condition likely to occur in the
brain following ischemia. The system used in the study was
composed of a white light source and CCD camera mounted
on a microscope, while LCTFs 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 hemodynamics), reduced CCO
(referred as Cytaa3-R in the article), FAD and reduced
cytochrome c (for metabolism), plus variations in light

scattering due to CSD. Cytochrome c is a chromophore that is
oxidized by CCO during the ETC. Each concentration change
was calculated using the MBLL with Monte Carlo estimations
of the differential pathlengths. The main purpose of the study
was to estimate the relative contributions of each of these
signals to the overall measured optical attenuation, in order to
evaluate accuracy in the quantification of the hemodynamic
response during CSD. However, the study was able to provide
for the first time (to our knowledge) spatial mapping of CCO
redox changes in the exposed cortex. This can be seen clearly
in figure 10. The absorption peaks of cytochrome aa3 in the
visible range, at about 444, 605 and 650 nm, were targeted by
the system, although such approach is more prone to noise
than using NIR light, due to the predominant influence of
hemoglobin in the extinction spectrum below 750 nm. Fur-
thermore, the fluorescence emission of FAD was not
accounted for. The metabolic response associated with red-
CCO (which has an opposite trend to oxCCO) showed an
increase in its relative concentration followed by a smaller
decrease before returning to baseline, corresponding to a drop
in cerebral metabolism and subsequent recovery during and
after CSD. The peak of the response of redCCO was also
found to be almost synchronized with the hemodynamic
response, as well as with the maximum variations of the other
two metabolites and the scattering.

The application of HSI to metabolic monitoring of the
brain via measurement of the redox states of CCO may
represent a future direction in the use of this technology for

Figure 9. Volumetric reconstruction of spatially-resolved changes in the relative concentrations of HbO2 (first row), HHb (second row) and
oxCCO (third row) in the left occipital cortex of human brain during visual stimulation. The temporal variations of both the hemodynamic
and metabolic responses were monitored at 2, 10, 20, 30 and 40 s after the stimulus. The data were obtained using broadband fNIRS at
multiple source-detector channels across the investigated brain region. Reproduced with permission from [153].
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imaging cerebral metabolism, especially non-invasively and
with the possibility to simultaneously perform multiplexing
to evaluate other significant compounds, primarily HbO2

and HHb.

5. Summary and conclusions

Past and present applications of HSI for the measurement of
in vivo brain metabolism and hemodynamics have been
reviewed: major fundamentals about the approach have been
reported, particularly concerning methodologies for the
quantification of the hemodynamic response and of the cer-
ebral oxidative metabolism.

The current hyperspectral technology demonstrates
superior spectral resolution performances in imaging light-
absorbing chromophores, such as HbO2 and HHb, in the
living brain, in comparison to other optical modalities. The
majority of the reported studies has been primarily performed
invasively, by focusing on the exposed cerebral cortex, even
though this procedure has the advantage of providing much
higher spatial resolution, compared to non-invasive techni-
ques such as fNIRS and DOI. Although small animals still
represent the primary targets for monitoring metabolic activ-
ity, investigations in human subjects during neurosurgery are
becoming more and more common and can provide even
more significant insights on brain function during a wide
range of responses to stimuli and to various systemic chal-
lenges. In addition, HSI offers the important benefit of
potentially targeting multiple chromophores simultaneously

and perform multiplexed imaging, due to its large spectral
range.

Nonetheless, drawbacks related to HSI are still present
and mostly connected to instrumentation: from the com-
plexity of the imaging equipment to computational issues
related to the large volume of acquired data. Temporal reso-
lution requirements and sensitivity to motion artifacts are also
pushing the favor towards snapshot techniques for hyper-
spectral image acquisition.

The relatively limited amount of publications and studies on
HSI for brain metabolic monitoring may be related to the recent
development of the technique for medical purposes, especially
concerning functional imaging and neuroscience. For a more
detailed and broad review on HSI development and applications
in medical sciences beyond brain imaging, we advise the reader
to look at the review article by Lu et al [1].

Potential future solutions have also been proposed and
discussed, pointing the current HSI approaches towards a
more direct and specific quantification of brain metabolism
that aims at monitoring in vivo cellular energetics and mito-
chondrial ATP production. Such progression in the mapping
of cerebral metabolic activity could exploit the combination
of the assessment of brain hemodynamics with imaging
information provided by specific metabolites, such as NADH,
FAD and CCO.

In conclusion, biomedical HSI is still a rapidly expanding
field and new possible technological improvements could lead
to novel discoveries and enhanced understanding of those
mechanisms which are at the foundations of brain function.

Figure 10. Spatial maps 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 represents the reflectance image at 570 nm. Scale bar (in white) equal to 0.5 mm. Reprinted from [95],
Copyright (2013), with permission from Elsevier.

20

J. Opt. 20 (2018) 044009 Review



Acknowledgments

LG is supported by the BitMap ITN (Project no. 675332). FL
and IT are supported by the Wellcome Trust (104580/Z/14/Z).

ORCID iDs

Luca Giannoni https://orcid.org/0000-0001-6846-7414

References

[1] Lu G and Fei B 2014 Medical hyperspectral imaging: a
review J. Biomed. Opt. 19 010901

[2] Carrasco O, Gomez R, Chainani A and Roper W 2003
Hyperspectral imaging applied to medical diagnoses and
food safety Proc. SPIE 5097 215–21

[3] Akbari H and Kosugi Y 2009 Hyperspectral imaging: a new
modality in surgery Recent Advances in Biomedical
Engineering (Rijeka: InTech) pp 223–40

[4] Balas C, Pappas C and Epitropou G 2011 Multi/hyper-
spectral imaging Handbook of Biomedical Optics ed
D A Boas et al (Boca Raton, FL: CRC Press) pp 131–164

[5] Jacques L J 2013 Optical properties of biological tissues: a
review Phys. Med. Biol. 58 R37–61

[6] Wang L V and Wu H 2007 Biomedical Optics: Principles and
Imaging (New York: Wiley) pp 1–15

[7] Zuzak K J, Francis R P, Wehner E F, Litorja M,
Cadeddu J A and Livingston E H 2011 Active DLP
hyperspectral illumination: a noninvasive, in vivo system
characterization visualizing tissue oxygenation at near video
rates Anal. Chem. 83 7424–30

[8] Khoobehi B, Beach J M and Kawan H 2004 Hyperspectral
imaging for measurement of oxygen saturation in the
optic nerve head Investigative Ophthalmol. Vis. Sci. 45
1464–72

[9] Akbari H, Uto K, Kosugi Y, Kojima K and Tanaka N 2009
Blood vessel detection and artery-vein differentiation using
hyperspectral imaging 2009 Annual Int. Conf. of the IEEE
Engineering in Medicine and Biology Society (Minneapolis,
MN) pp 1461–4

[10] Nouvong A, Hoogwerf B, Mohler E, Davis B,
Tajaddini A and Medenilla E 2009 Evaluation of diabetic
foot ulcer healing with hyperspectral imaging of
oxyhemoglobin and deoxyhemoglobin Diabetes Care 32
2056–61

[11] Palmer G M, Fontanella A N, Zhang G, Hanna G,
Fraser C L and Dewhirst M W 2010 Optical imaging of
tumor hypoxia dynamics J. Biomed. Opt. 15 066021

[12] Akbari H, Uto K, Kosugi Y, Kojima K and Tanaka N 2011
Cancer detection using infrared hyperspectral imaging
Cancer Sci. 102 852–7

[13] Dolloff N G, Ma X, Dicker D T, Humphreys R C, Li L Z and
El-Deiry W S 2011 Spectral imaging-based methods for
quantifying autophagy and apoptosis Cancer Biol. Ther. 12
349–56

[14] Johnson W R, Wilson D W, Fink W, Humayun M and
Bearman G 2007 Snapshot hyperspectral imaging in
ophthalmology J. Biomed. Opt. 12 014036

[15] Harvey A R, Lawlor J, McNaught A I, Williams J W and
Fletcher-Holmes D W 2002 Hyperspectral imaging for the
detection of retinal disease Proc. SPIE 4816 325–35

[16] Cohen D, Arnoldussen M, Bearman G and Grundfest W S
1999 The use of spectral imaging for the diagnosis of retinal
disease 1999 12th Annual Meeting on IEEE Lasers and

Electro-Optics Society (San Francisco, CA) (https://doi.
org/10.1109/LEOS.1998.813558)

[17] Chin J A, Wang E C and Kibbe M R 2011 Evaluation of
hyperspectral technology for assessing the presence and
severity of peripheral artery disease J. Vascular Surg. 54
1679–88

[18] Larsen E P, Randeberg L L, Olstad E, Haugen O A,
Aksnes A and Svaasand L O 2011 Hyperspectral imaging of
atherosclerotic plaques in vitro J. Biomed. Opt. 16 026011

[19] Lim R S, Suhalim J L, Miyazaki-Anzai S, Miyazaki M,
Levi M, Potma E O and Tromberg B J 2011 Identification of
cholesterol crystals in plaques of atherosclerotic mice using
hyperspectral CARS imaging J. Lipid Res. 52 2177–86

[20] Cancio L C, Batchinsky A I, Mansfield J R, Panasyuk S,
Hetz K, Martini D, Jordan B S, Tracey B and Freeman J E
2006 Hyperspectral imaging: a new approach to the
diagnoses of hemorrhagic shock J. Trauma 60 1087–95

[21] Gillies R, Freeman J E, Cancio L, Brand D, Hopmeier M and
Mansfield J R 2004 Systemic effects of shock and
resuscitation monitored by visible hyperspectral imaging
Diabetes Technol. Ther. 5 847–55

[22] Vasefi F, MacKinnon N and Farkas D L 2016 Hyperspectral
and multispectral imaging in dermatology Imaging in
Dermatology ed M R Hamblin et al (New York: Academic)
pp 187–201

[23] Randeberg L L, Baarstad I, Trond L, Kaspersen P and
Svaasand L O 2006 Hyperspectral imaging of bruised skin
Proc. SPIE 6078 60780O

[24] Stamatas G N, Balas C J and Kollias N 2003 Hyperspectral
image acquisition and analysis of skin Proc. SPIE 4959
77–82

[25] Gerstner A O H, Laffers W, Bootz F, Farkas D L, Martin R,
Bendix J and Thies B 2012 Hyperspectral imaging of
mucosal surfaces in patients J. Biophotonics 5 255–62

[26] Roblyer D, Kurachi C, Gillenwater A M and
Richards-Kortum R 2009 In vivo fluorescence hyperspectral
imaging of oral neoplasia Proc. SPIE 7169 71690J

[27] Akbari H, Uto K, Kosugi Y, Kojima K and Tanaka N 2008
Hyperspectral imaging and diagnosis of intestinal ischemia
2008 30th Annual Int. Conf. of the IEEE Engineering in
Medicine and Biology Society (Vancouver, BC) pp 1238–41

[28] McCormack D R, Walsh A J, Sit W, Arteaga C L, Chen J,
Cook R S and Skala M C 2014 In vivo hyperspectral
imaging of microvessel response to trastuzumab treatment in
breast cancer xenografts Biomed. Opt. Express 5 2247–61

[29] Freeman J E, Panasyuk S, Rogers A E, Yang S and Lew R
2005 Advantages of intraoperative medical hyperspectral
imaging (MHSI) for the evaluation of the breast cancer
resection bed for residual tumor J. Clin. Oncol. 23 709–709

[30] Gebhart S C, Thompson R C and Mahadevan-Jansen A 2007
Liquid-crystal tunable filter spectral imaging for brain tumor
demarcation Appl. Opt. 46 1896–910

[31] Hillman E M C 2007 Optical brain imaging in vivo:
techniques and applications from animal to man J. Biomed.
Opt. 12 051402

[32] Singh-Moon R P, Roblyer D M, Bigio I J and Joshi S 2014
Spatial mapping of drug delivery to brain tissue using
hyperspectral spatial frequency-domain imaging J. Biomed.
Opt. 19 096003

[33] Bergner N, Medyukhina A, Geiger K D, Kirsch M,
Schackert G, Krafft C and Popp J 2013 Hyperspectral
unmixing of Raman micro-images for assessment of
morphological and chemical parameters in non-dried brain
tumor specimens Anal. Bioanal. Chem. 405 8719–28

[34] Dienel G A 2012 Fueling and imaging brain activation ASN
Neuro 4 267–321

[35] Kety S S 1957 General metabolism of the brain in vivo
Metabolism of the Nervous System ed D Richter (Oxford:
Pergamon) pp 221–37

21

J. Opt. 20 (2018) 044009 Review

https://orcid.org/0000-0001-6846-7414
https://orcid.org/0000-0001-6846-7414
https://orcid.org/0000-0001-6846-7414
https://orcid.org/0000-0001-6846-7414
https://doi.org/10.1117/1.JBO.19.1.010901
https://doi.org/10.1117/12.502589
https://doi.org/10.1117/12.502589
https://doi.org/10.1117/12.502589
https://doi.org/10.1088/0031-9155/58/11/R37
https://doi.org/10.1088/0031-9155/58/11/R37
https://doi.org/10.1088/0031-9155/58/11/R37
https://doi.org/10.1021/ac201467v
https://doi.org/10.1021/ac201467v
https://doi.org/10.1021/ac201467v
https://doi.org/10.1167/iovs.03-1069
https://doi.org/10.1167/iovs.03-1069
https://doi.org/10.1167/iovs.03-1069
https://doi.org/10.1167/iovs.03-1069
https://doi.org/10.1109/IEMBS.2009.5332920
https://doi.org/10.1109/IEMBS.2009.5332920
https://doi.org/10.1109/IEMBS.2009.5332920
https://doi.org/10.2337/dc08-2246
https://doi.org/10.2337/dc08-2246
https://doi.org/10.2337/dc08-2246
https://doi.org/10.2337/dc08-2246
https://doi.org/10.1117/1.3523363
https://doi.org/10.1111/j.1349-7006.2011.01849.x
https://doi.org/10.1111/j.1349-7006.2011.01849.x
https://doi.org/10.1111/j.1349-7006.2011.01849.x
https://doi.org/10.4161/cbt.12.4.17175
https://doi.org/10.4161/cbt.12.4.17175
https://doi.org/10.4161/cbt.12.4.17175
https://doi.org/10.4161/cbt.12.4.17175
https://doi.org/10.1117/1.2434950
https://doi.org/10.1117/12.451693
https://doi.org/10.1117/12.451693
https://doi.org/10.1117/12.451693
https://doi.org/10.1109/LEOS.1998.813558
https://doi.org/10.1109/LEOS.1998.813558
https://doi.org/10.1016/j.jvs.2011.06.022
https://doi.org/10.1016/j.jvs.2011.06.022
https://doi.org/10.1016/j.jvs.2011.06.022
https://doi.org/10.1016/j.jvs.2011.06.022
https://doi.org/10.1117/1.3540657
https://doi.org/10.1194/jlr.M018077
https://doi.org/10.1194/jlr.M018077
https://doi.org/10.1194/jlr.M018077
https://doi.org/10.1097/01.ta.0000217357.10617.3d
https://doi.org/10.1097/01.ta.0000217357.10617.3d
https://doi.org/10.1097/01.ta.0000217357.10617.3d
https://doi.org/10.1089/152091503322527058
https://doi.org/10.1089/152091503322527058
https://doi.org/10.1089/152091503322527058
https://doi.org/10.1117/12.646557
https://doi.org/10.1117/12.479491
https://doi.org/10.1117/12.479491
https://doi.org/10.1117/12.479491
https://doi.org/10.1117/12.479491
https://doi.org/10.1002/jbio.201100081
https://doi.org/10.1002/jbio.201100081
https://doi.org/10.1002/jbio.201100081
https://doi.org/10.1117/12.807226
https://doi.org/10.1109/IEMBS.2008.4649387
https://doi.org/10.1109/IEMBS.2008.4649387
https://doi.org/10.1109/IEMBS.2008.4649387
https://doi.org/10.1364/BOE.5.002247
https://doi.org/10.1364/BOE.5.002247
https://doi.org/10.1364/BOE.5.002247
https://doi.org/10.1200/jco.2005.23.16_suppl.709
https://doi.org/10.1200/jco.2005.23.16_suppl.709
https://doi.org/10.1200/jco.2005.23.16_suppl.709
https://doi.org/10.1364/AO.46.001896
https://doi.org/10.1364/AO.46.001896
https://doi.org/10.1364/AO.46.001896
https://doi.org/10.1117/1.2789693
https://doi.org/10.1117/1.JBO.19.9.096003
https://doi.org/10.1007/s00216-013-7257-7
https://doi.org/10.1007/s00216-013-7257-7
https://doi.org/10.1007/s00216-013-7257-7
https://doi.org/10.1042/AN20120021
https://doi.org/10.1042/AN20120021
https://doi.org/10.1042/AN20120021


[36] Flint Beal M 1998 Mitochondrial dysfunction in
neurodegenerative diseases Biochim. Biophys. Acta,
Bioenerg. 1366 211–23

[37] Prabakaran S et al 2004 Mitochondrial dysfunction in
schizophrenia: evidence for compromised brain metabolism
and oxidative stress Mol. Psychiatry 9 684–97

[38] Ueki M, Linn F and Hossmann K-A 1988 Functional
activation of cerebral blood flow and metabolism before and
after global ischemia of rat brain J. Cereb. Blood Flow
Metab. 8 486–94

[39] Zauner A, Daugherty W P, Bullock M R and Warner D S
2002 Brain oxygenation and energy metabolism: I.
Biological function and pathophysiology Neurosurgery 51
289–302

[40] Raichle M E, Grubb R L, Gado M H, Eichling J O and
Ter-Pogossian M M 1976 Correlation between regional
cerebral blood flow and oxidative metabolism. In vivo
studies in man Arch. Neurol. 33 523–6

[41] Kozberg M and Hillman E 2016 Neurovascular coupling and
energy metabolism in the developing brain Prog. Brain Res.
225 213–42

[42] Lindauer U et al 2010 Neurovascular coupling in rat brain
operates independent of hemoglobin deoxygenation
J. Cereb. Blood Flow Metab. 30 757–68

[43] Wolf T, Lindauer U, Villringer A and Dirnagl U 1997
Excessive oxygen or glucose supply does not alter the blood
flow response to somatosensory stimulation or spreading
depression in rats Brain Res. 761 290–9

[44] Van der Zee P and Delpy D T 1987 Simulation of the point
spread function for light in tissue by a Monte Carlo method
Adv. Exp. Med. Biol. 215 179–91

[45] Jacques S L and Wang L 1995 Monte Carlo modeling of light
transport in tissues Optical-Thermal Response of Laser-
Irradiated Tissue ed A J Welch and M J C Van Gemert
(Boston, MA: Springer) pp 73–100

[46] Kashani A H, Kirkman E, Martin G and Humayun M S 2011
Hyperspectral computed tomographic imaging spectroscopy
of vascular oxygen gradients in the rabbit retina in vivo PLoS
One 6 e24482

[47] Govender M, Chetty K and Bulcock H 2007 A review of
hyperspectral remote sensing and its application in
vegetation and water resource studies Water SA 33 145–52

[48] Toronov V and Schelkanova I 2013 Hyperspectral functional
imaging of the human brain Proc. SPIE 8565 85654K

[49] Gao L and Smith R T 2015 Optical hyperspectral imaging in
microscopy and spectroscopy—a review of data acquisition
J. Biophotonics 8 441–56

[50] Lucas R, Rowlands A, Niemann O and Merton R 2004
Hyperspectral sensors and applications Advanced Image
Processing Techniques for Remotely Sensed Hyperspectral
Data ed P K Varshney and M K Arora (Berlin: Springer)
pp 11–49

[51] Chang C 2003 Hyperspectral Imaging: Techniques for
Spectral Detection and Classification vol 1 (New York:
Springer) pp 1–16

[52] Calin M A, Parasca S V, Savastru S and Manea D 2014
Hyperspectral imaging in the medical field: present and
future Appl. Spectrosc. Rev. 49 435–47

[53] Boldrini B, Kessler W, Rebner K and Kessler R W 2012
Hyperspectral imaging: a review of best practice,
performance and pitfalls for in-line and on-line applications
J. Near Infrared Spectrosc. 20 483–508

[54] Grahn H and Geladi P 2007 Techniques and Applications of
Hyperspectral Image Analysis (Chichester: Wiley) pp 1–15

[55] Hagen N and Kudenov M W 2013 Review of snapshot
spectral imaging technologies Opt. Eng. 52 090901

[56] Cunnane S et al 2011 Brain fuel metabolism, aging, and
Alzheimer’s disease Nutrition 27 3–20

[57] Miyamoto O and Auer R N 2000 Hypoxia, hyperoxia,
ischemia, and brain necrosis Neurology 54 362–78

[58] Dagley S and Nicholson D E 1970 An Introduction to
Metabolic Pathways (Oxford: Blackwell) p 266

[59] Okada Y and Lipton P 2007 Glucose, oxidative energy
metabolism, and neural function in brain slices—glycolysis
plays a key role in neural activity Handbook of
Neurochemistry and Molecular Neurobiology: Brain
Energetics. Integration of Molecular and Cellular Processes
ed G E Gibson and G A Dienel (Boston, MA: Springer)
pp 17–39

[60] Bale G, Elwell C E and Tachtsidis I 2016 From Jöbsis to the
present day: a review of clinical near-infrared spectroscopy
measurements of cerebral cytochrome-c-oxidase J. Biomed.
Opt. 21 091307

[61] Raichle M E 1998 Behind the scenes of functional brain
imaging: a historical and physiological perspective Proc.
Natl Acad. Sci. USA 95 765–72

[62] He Y, Hua Y, Liu W, Hu H, Keep R F and Xi G 2009 Effects
of cerebral ischemia on neuronal hemoglobin J. Cereb.
Blood Flow Metab. 29 596–605

[63] Kim S G and Ogawa S 2012 Biophysical and physiological
origins of blood oxygenation level-dependent fMRI signals
J. Cereb. Blood Flow Metab. 32 188–206

[64] Ferrari M and Quaresima V 2012 A brief review on the
history of human functional near-infrared spectroscopy
(fNIRS) development and fields of application Neuroimage
63 921–35

[65] Villringer A, Planck J, Hock C, Schleinkofer L and Dirnagl U
1993 Near infrared spectroscopy (NIRS): a new tool to study
hemodynamic changes during activation of brain function in
human adults Neurosci. Lett. 154 101–4

[66] Liu P, Huang H, Rollins N, Chalak L F, Jeon T,
Halovanic C and Lu H 2014 Quantitative assessment of
global cerebral metabolic rate of oxygen (CMRO2) in
neonates using MRI NMR Biomed. 27 332–40

[67] Mintun M A, Raichle M E, Martin W R and Herscovitch P
1984 Brain oxygen utilization measured with O-15
radiotracers and positron emission tomography J. Nucl.
Med. 25 177–87

[68] Xu F, Ge Y and Lu H 2009 Noninvasive quantification of
whole‐brain cerebral metabolic rate of oxygen (CMRO2) by
MRI Magn. Reson. Med. 62 141–8

[69] Boas D A, Strangman G, Culver J P, Hoge R D, Jasdzewski G,
Poldrack R A, Rosen B R and Mandeville J B 2003 Can the
cerebral metabolic rate of oxygen be estimated with near-
infrared spectroscopy? Phys. Med. Biol. 48 2405–18

[70] Chance B, Cohen P, Jobsis F F and Schoener B 1962
Intracellular oxidation–reduction states in vivo Science 137
499–508

[71] Benson R C, Meyer R A, Zaruba M E and McKhann G M
1979 Cellular autofluorescence—is it due to flavins?
J. Histochem. Cytochem. 27 44–8

[72] Andersson H, Baechi T, Hoechl M and Richter C 1998
Autofluorescence of living cells J. Microsc. 191 1–7

[73] Jobsis F F 1997 Noninvasive, infrared monitoring of cerebral
and myocardial oxygen sufficiency and circulatory
parameters Science 198 1264–7

[74] Prahl S A 1999 Optical absorption of hemoglobin http://
omlc.org/spectra/hemoglobin

[75] UCL BORL 2005 Tissue spectra http://ucl.ac.uk/medphys/
research/borl/intro/spectra

[76] Roy C S and Sherrington C S 1890 On the regulation of the
blood-supply of the brain J. Physiol. 11 85–108 158-7-17

[77] Strangman G, Culver J P, Thompson J H and Boas D A 2002
A quantitative comparison of simultaneous BOLD fMRI and
NIRS recordings during functional brain activation
Neuroimage 17 719–31

22

J. Opt. 20 (2018) 044009 Review

https://doi.org/10.1016/S0005-2728(98)00114-5
https://doi.org/10.1016/S0005-2728(98)00114-5
https://doi.org/10.1016/S0005-2728(98)00114-5
https://doi.org/10.1038/sj.mp.4001511
https://doi.org/10.1038/sj.mp.4001511
https://doi.org/10.1038/sj.mp.4001511
https://doi.org/10.1038/jcbfm.1988.89
https://doi.org/10.1038/jcbfm.1988.89
https://doi.org/10.1038/jcbfm.1988.89
https://doi.org/10.1227/00006123-200208000-00003
https://doi.org/10.1227/00006123-200208000-00003
https://doi.org/10.1227/00006123-200208000-00003
https://doi.org/10.1227/00006123-200208000-00003
https://doi.org/10.1001/archneur.1976.00500080001001
https://doi.org/10.1001/archneur.1976.00500080001001
https://doi.org/10.1001/archneur.1976.00500080001001
https://doi.org/10.1016/bs.pbr.2016.02.002
https://doi.org/10.1016/bs.pbr.2016.02.002
https://doi.org/10.1016/bs.pbr.2016.02.002
https://doi.org/10.1038/jcbfm.2009.259
https://doi.org/10.1038/jcbfm.2009.259
https://doi.org/10.1038/jcbfm.2009.259
https://doi.org/10.1016/S0006-8993(97)00354-5
https://doi.org/10.1016/S0006-8993(97)00354-5
https://doi.org/10.1016/S0006-8993(97)00354-5
https://doi.org/10.1007/978-1-4684-7433-6_21
https://doi.org/10.1007/978-1-4684-7433-6_21
https://doi.org/10.1007/978-1-4684-7433-6_21
https://doi.org/10.1371/journal.pone.0024482
https://doi.org/10.1117/12.2005894
https://doi.org/10.1002/jbio.201400051
https://doi.org/10.1002/jbio.201400051
https://doi.org/10.1002/jbio.201400051
https://doi.org/10.1080/05704928.2013.838678
https://doi.org/10.1080/05704928.2013.838678
https://doi.org/10.1080/05704928.2013.838678
https://doi.org/10.1255/jnirs.1003
https://doi.org/10.1255/jnirs.1003
https://doi.org/10.1255/jnirs.1003
https://doi.org/10.1117/1.OE.52.9.090901
https://doi.org/10.1016/j.nut.2010.07.021
https://doi.org/10.1016/j.nut.2010.07.021
https://doi.org/10.1016/j.nut.2010.07.021
https://doi.org/10.1212/WNL.54.2.362
https://doi.org/10.1212/WNL.54.2.362
https://doi.org/10.1212/WNL.54.2.362
https://doi.org/10.1117/1.JBO.21.9.091307
https://doi.org/10.1073/pnas.95.3.765
https://doi.org/10.1073/pnas.95.3.765
https://doi.org/10.1073/pnas.95.3.765
https://doi.org/10.1038/jcbfm.2008.145
https://doi.org/10.1038/jcbfm.2008.145
https://doi.org/10.1038/jcbfm.2008.145
https://doi.org/10.1038/jcbfm.2012.23
https://doi.org/10.1038/jcbfm.2012.23
https://doi.org/10.1038/jcbfm.2012.23
https://doi.org/10.1016/j.neuroimage.2012.03.049
https://doi.org/10.1016/j.neuroimage.2012.03.049
https://doi.org/10.1016/j.neuroimage.2012.03.049
https://doi.org/10.1016/0304-3940(93)90181-J
https://doi.org/10.1016/0304-3940(93)90181-J
https://doi.org/10.1016/0304-3940(93)90181-J
https://doi.org/10.1002/nbm.3067
https://doi.org/10.1002/nbm.3067
https://doi.org/10.1002/nbm.3067
https://doi.org/10.1002/mrm.21994
https://doi.org/10.1002/mrm.21994
https://doi.org/10.1002/mrm.21994
https://doi.org/10.1088/0031-9155/48/15/311
https://doi.org/10.1088/0031-9155/48/15/311
https://doi.org/10.1088/0031-9155/48/15/311
https://doi.org/10.1126/science.137.3529.499
https://doi.org/10.1126/science.137.3529.499
https://doi.org/10.1126/science.137.3529.499
https://doi.org/10.1126/science.137.3529.499
https://doi.org/10.1177/27.1.438504
https://doi.org/10.1177/27.1.438504
https://doi.org/10.1177/27.1.438504
https://doi.org/10.1046/j.1365-2818.1998.00347.x
https://doi.org/10.1046/j.1365-2818.1998.00347.x
https://doi.org/10.1046/j.1365-2818.1998.00347.x
https://doi.org/10.1126/science.929199
https://doi.org/10.1126/science.929199
https://doi.org/10.1126/science.929199
http://omlc.org/spectra/hemoglobin
http://omlc.org/spectra/hemoglobin
http://www.ucl.ac.uk/medphys/research/borl/intro/spectra
http://www.ucl.ac.uk/medphys/research/borl/intro/spectra
https://doi.org/10.1113/jphysiol.1890.sp000321
https://doi.org/10.1113/jphysiol.1890.sp000321
https://doi.org/10.1113/jphysiol.1890.sp000321
https://doi.org/10.1006/nimg.2002.1227
https://doi.org/10.1006/nimg.2002.1227
https://doi.org/10.1006/nimg.2002.1227


[78] Hillman E M C 2014 Coupling mechanism and significance
of the BOLD signal: a status report Annu. Rev. Neurosci. 8
161–81

[79] Hampson N B, Camporesi E M, Stolp B W, Moon R E,
Shook J E, Griebel J A and Piantadosi C A 1990 Cerebral
oxygen availability by NIR spectroscopy during transient
hypoxia in humans J. Appl. Physiol. 69 907–13

[80] Hueber D M, Franceschini M A, Ma H Y, Zhang Q,
Ballesteros J R, Fantini S, Wallace D, Ntziachristos V and
Chance B 2001 Non-invasive and quantitative near-infrared
haemoglobin spectrometry in the piglet brain during hypoxic
stress, using a frequency-domain multidistance instrument
Phys. Med. Biol. 46 41–62

[81] Tisdall M M, Tachtsidis I, Leung T S, Elwell C E and
Smith M 2008 Increase in cerebral aerobic metabolism by
normobaric hyperoxia after traumatic brain injury
J. Neurosurg. 109 424–32

[82] Kolyva C, Ghosh A, Tachtsidis I, Highton D, Smith M and
Elwell C E 2013 Dependence on NIRS source-detector
spacing of cytochrome C oxidase response to hypoxia and
hypercapnia in the adult brain Adv. Exp. Med. Biol. 789
353–9

[83] Delpy D T, Cope M, van der Zee P, Arridge S, Wray S and
Wyatt J 1988 Estimation of optical pathlength through tissue
from direct time of flight measurement Phys. Med. Biol. 33
1433–42

[84] Arridge S R, Cope M and Delpy D T 1992 The theoretical
basis for the determination of optical pathlengths in tissue:
temporal and frequency analysis Phys. Med. Biol. 37
1531–60

[85] Kohl M, Lindauer U, Royl G, Kühl M, Gold L,
Villringer A and Dirnagl U 2000 Physical model for the
spectroscopic analysis of cortical intrinsic optical signals
Phys. Med. Biol. 45 3749–64

[86] Grinvald A, Lieke E, Frostig R D, Gilbert C D and
Wiesel T N 1986 Functional architecture of cortex revealed
by optical imaging of intrinsic signals Nature 324 361–4

[87] Malonek D and Grinvald A 1996 Interactions between
electrical activity and cortical microcirculation revealed by
imaging spectroscopy: implications for functional brain
mapping Science 272 551–4

[88] Dunn A K, Devor A, Bolay H, Andermann M L,
Moskowitz M A, Dale A M and Boas D A 2003
Simultaneous imaging of total cerebral hemoglobin
concentration, oxygenation, and blood flow during
functional activation Opt. Lett. 28 28–30

[89] Devor A, Dunn A K, Andermann M L, Ulbert I,
Boas D A and Dale A M 2003 Coupling of total hemoglobin
concentration, oxygenation, and neural activity in rat
somatosensory cortex Neuron 39 353–9

[90] Devor A et al 2008 Stimulus-induced changes in blood flow
and 2-deoxyglucose uptake dissociate in ipsilateral
somatosensory cortex J. Neurosci. 28 14347–57

[91] Konecky S D, Wilson R H, Hagen N, Mazhar A,
Tkaczyk T S, Frostig R D and Tromberg B J 2015
Hyperspectral optical tomography of intrinsic signals in the
rat cortex Neurophotonics 2 045003

[92] Kester R T, Gao L and Tkaczyk T S 2010 Development of
image mappers for hyperspectral biomedical imaging
applications Appl. Opt. 49 1886–99

[93] Kak A C and Slaney M 2001 Principles of Computerized
Tomographic Imaging (Philadelphia, PA: Society for
Industrial and Applied Mathematics) pp 297–322

[94] Shonat R D, Wachman E S, Niu W H, Koretsky A P and
Farkas D L 1997 Near-simultaneous hemoglobin saturation
and oxygen tension maps in mouse brain using an AOTF
microscope Biophys. J. 73 1223–31

[95] Yin C, Zhou F, Wang Y, Luo W, Luo Q and Li P 2013
Simultaneous detection of hemodynamics, mitochondrial

metabolism and light scattering changes during cortical
spreading depression in rats based on multi-spectral optical
imaging Neuroimage 76 70–80

[96] Nishidate I, Ishizuka T, Mustari A, Yoshida K, Kawauchi S,
Sato S and Sato M 2017 Evaluation of cerebral
hemodynamics and tissue morphology of in vivo rat brain
using spectral diffuse reflectance imaging Appl. Spectrosc.
71 866–78

[97] Mori M et al 2014 Intraoperative visualization of cerebral
oxygenation using hyperspectral image data: a two-
dimensional mapping method Int. J. Comput. Assist. Radiol.
Surg. 9 1059–72

[98] Pichette J, Laurence A, Angulo L, Lesage F, Bouthillier A,
Nguyen D K and Leblond F 2016 Intraoperative video-rate
hemodynamic response assessment in human cortex using
snapshot hyperspectral optical imaging Neurophotonics 3
045003

[99] Klaessens J H, De Roode R, Verdaasdonk R M and
Noordmans H J 2011 Hyper-spectral imaging system for
imaging O2Hb and HHb concentration changes in tissue for
various clinical applications Proc. SPIE 7890 78900R

[100] Noordmans H J, Ferrier C, Roode R, Leijten F, Rijen P,
Gosselaar P, Klaessens J and Verdaasdonk R 2013 Imaging
the seizure during surgery with a hyperspectral camera
Epilepsia 54 e150–4

[101] Fox D J Jr, Velde H T, Preza C, O’Sullivan J A,
Smith W H and Woolsey T A 2006 Computational
hyperspectral interferometry for studies of brain function:
proof of concept Appl. Opt. 45 3009–21

[102] Yokoyama K, Watanabe M and Okada E 2003 Estimation of
the optical path length factor for functional imaging of an
exposed cortex by principal component analysis Proc. SPIE
5138 169

[103] Yokoyama K, Watanabe M, Watanbe Y and Okada E 2005
Interpretation of principal components of the reflectance
spectra obtained from multispectral images of exposed pig
brain J. Biomed. Opt. 10 011005

[104] Keenan M R 2007 Multivariate analysis of spectral images
composed of count data Techniques and Applications of
Hyperspectral Image Analysis ed H Grahn and P Geladi
(New York: Wiley) pp 89–125

[105] Buxton R B and Frank L R 1997 A model for the coupling
between cerebral blood flow and oxygen metabolism during
neural stimulation J. Cereb. Blood Flow Metab. 17 64–72

[106] Hoge R D, Atkinson J, Gill B, Crelier G R, Marrett S and
Pike G B 1999 Linear coupling between cerebral blood flow
and oxygen consumption in activated human cortex Proc.
Natl Acad. Sci. USA 96 9403–8

[107] Mayhew J, Johnston D, Martindale J, Jones M, Berwick J and
Zheng Y 2001 Increased oxygen consumption following
activation of brain: theoretical footnotes using spectroscopic
data from barrel cortex Neuroimage 13 975–87

[108] Jones M, Berwick J, Johnston D and Mayhew J 2001
Concurrent optical imaging spectroscopy and laser-Doppler
flowmetry: the relationship between blood flow,
oxygenation, and volume in rodent barrel cortex
Neuroimage 13 1002–15

[109] Dunn A K, Devor A, Dale A M and Boas D A 2005 Spatial
extent of oxygen metabolism and hemodynamic changes
during functional activation of the rat somatosensory cortex
Neuroimage 27 279–90

[110] Jones P B, Shin H K, Boas D A, Hyman B T,
Moskowitz M A, Ayata C and Dunn A K 2008
Simultaneous multispectral reflectance imaging and laser
speckle flowmetry of cerebral blood flow and oxygen
metabolism in focal cerebral ischemia J. Biomed. Opt. 13
044007

[111] Yuzawa I, Sakadžić S, Srinivasan V J, Shin H K,
Eikermann-Haerter K, Boas D A and Ayata C 2012 Cortical

23

J. Opt. 20 (2018) 044009 Review

https://doi.org/10.1146/annurev-neuro-071013-014111
https://doi.org/10.1146/annurev-neuro-071013-014111
https://doi.org/10.1146/annurev-neuro-071013-014111
https://doi.org/10.1146/annurev-neuro-071013-014111
https://doi.org/10.1152/jappl.1990.69.3.907
https://doi.org/10.1152/jappl.1990.69.3.907
https://doi.org/10.1152/jappl.1990.69.3.907
https://doi.org/10.1088/0031-9155/46/1/304
https://doi.org/10.1088/0031-9155/46/1/304
https://doi.org/10.1088/0031-9155/46/1/304
https://doi.org/10.3171/JNS/2008/109/9/0424
https://doi.org/10.3171/JNS/2008/109/9/0424
https://doi.org/10.3171/JNS/2008/109/9/0424
https://doi.org/10.1007/978-1-4614-7411-1_47
https://doi.org/10.1007/978-1-4614-7411-1_47
https://doi.org/10.1007/978-1-4614-7411-1_47
https://doi.org/10.1007/978-1-4614-7411-1_47
https://doi.org/10.1088/0031-9155/33/12/008
https://doi.org/10.1088/0031-9155/33/12/008
https://doi.org/10.1088/0031-9155/33/12/008
https://doi.org/10.1088/0031-9155/33/12/008
https://doi.org/10.1088/0031-9155/37/7/005
https://doi.org/10.1088/0031-9155/37/7/005
https://doi.org/10.1088/0031-9155/37/7/005
https://doi.org/10.1088/0031-9155/37/7/005
https://doi.org/10.1088/0031-9155/45/12/317
https://doi.org/10.1088/0031-9155/45/12/317
https://doi.org/10.1088/0031-9155/45/12/317
https://doi.org/10.1038/324361a0
https://doi.org/10.1038/324361a0
https://doi.org/10.1038/324361a0
https://doi.org/10.1126/science.272.5261.551
https://doi.org/10.1126/science.272.5261.551
https://doi.org/10.1126/science.272.5261.551
https://doi.org/10.1364/OL.28.000028
https://doi.org/10.1364/OL.28.000028
https://doi.org/10.1364/OL.28.000028
https://doi.org/10.1016/S0896-6273(03)00403-3
https://doi.org/10.1016/S0896-6273(03)00403-3
https://doi.org/10.1016/S0896-6273(03)00403-3
https://doi.org/10.1523/JNEUROSCI.4307-08.2008
https://doi.org/10.1523/JNEUROSCI.4307-08.2008
https://doi.org/10.1523/JNEUROSCI.4307-08.2008
https://doi.org/10.1117/1.NPh.2.4.045003
https://doi.org/10.1364/AO.49.001886
https://doi.org/10.1364/AO.49.001886
https://doi.org/10.1364/AO.49.001886
https://doi.org/10.1016/S0006-3495(97)78155-4
https://doi.org/10.1016/S0006-3495(97)78155-4
https://doi.org/10.1016/S0006-3495(97)78155-4
https://doi.org/10.1016/j.neuroimage.2013.02.079
https://doi.org/10.1016/j.neuroimage.2013.02.079
https://doi.org/10.1016/j.neuroimage.2013.02.079
https://doi.org/10.1177/0003702816657569
https://doi.org/10.1177/0003702816657569
https://doi.org/10.1177/0003702816657569
https://doi.org/10.1007/s11548-014-0989-9
https://doi.org/10.1007/s11548-014-0989-9
https://doi.org/10.1007/s11548-014-0989-9
https://doi.org/10.1117/1.NPh.3.4.045003
https://doi.org/10.1117/1.NPh.3.4.045003
https://doi.org/10.1117/12.875110
https://doi.org/10.1111/epi.12386
https://doi.org/10.1111/epi.12386
https://doi.org/10.1111/epi.12386
https://doi.org/10.1364/AO.45.003009
https://doi.org/10.1364/AO.45.003009
https://doi.org/10.1364/AO.45.003009
https://doi.org/10.1117/12.500400
https://doi.org/10.1117/1.1854671
https://doi.org/10.1097/00004647-199701000-00009
https://doi.org/10.1097/00004647-199701000-00009
https://doi.org/10.1097/00004647-199701000-00009
https://doi.org/10.1073/pnas.96.16.9403
https://doi.org/10.1073/pnas.96.16.9403
https://doi.org/10.1073/pnas.96.16.9403
https://doi.org/10.1006/nimg.2001.0807
https://doi.org/10.1006/nimg.2001.0807
https://doi.org/10.1006/nimg.2001.0807
https://doi.org/10.1006/nimg.2001.0808
https://doi.org/10.1006/nimg.2001.0808
https://doi.org/10.1006/nimg.2001.0808
https://doi.org/10.1016/j.neuroimage.2005.04.024
https://doi.org/10.1016/j.neuroimage.2005.04.024
https://doi.org/10.1016/j.neuroimage.2005.04.024
https://doi.org/10.1117/1.2950312
https://doi.org/10.1117/1.2950312


spreading depression impairs oxygen delivery and
metabolism in mice J. Cereb. Blood Flow Metab. 32 376–86

[112] Huppert T J, Jones P B, Devor A, Dunn A K, Teng I C,
Dale A M and Boas D A 2009 Sensitivity of neural-
hemodynamic coupling to alterations in cerebral blood flow
during hypercapnia J. Biomed. Opt. 14 044038

[113] Briers J D 2001 Laser Doppler, speckle and related techniques
for blood perfusion mapping and imaging Physiol. Meas. 22
R35–6

[114] Dunn A K, Bolay H, Moskowitz M A and Boas D A 2001
Dynamic imaging of cerebral blood flow using laser speckle
J. Cereb. Blood Flow Metab. 21 195–201

[115] Mandeville J B, Marota J J, Ayata C, Zaharchuk G,
Moskowitz M A, Rosen B R and Weisskoff R M 1999
Evidence of a cerebrovascular postarteriole windkessel with
delayed compliance J. Cereb. Blood Flow Metab. 19 679–89

[116] Yoshioka K, Takahashi H, Homma T, Saito M, Oh K B,
Nemoto Y and Matsuoka H 1996 A novel fluorescent
derivative of glucose applicable to the assessment of glucose
uptake activity of Escherichia coli Biochim. Biophys. Acta,
Gen. Subj. 1289 5–9

[117] Tsytsarev V, Maslov K I, Yao J, Parameswar A R,
Demchenko A V and Wang L V 2012 In vivo imaging of
epileptic activity using 2-NBDG, a fluorescent deoxyglucose
analog J. Neurosci. Methods 203 136–40

[118] Mayevsky A and Rogatsky G G 2007 Mitochondrial function
in vivo evaluated by NADH fluorescence: from animal
models to human studies Am. J. Physiol. Cell Physiol. 292
C615–40

[119] Avi-Dor Y, Olson J M, Doherty M D and Kaplan N O 1962
Fluorescence of pyridine nucleotides in mitochondria
J. Biol. Chem. 237 2377–83

[120] Georgakoudi I and Quinn K P 2012 Optical imaging using
endogenous contrast to assess metabolic state Annu. Rev.
Biomed. Eng. 14 351–67

[121] Duchen M R 1992 Ca2+-dependent changes in the
mitochondrial energetics in single dissociated mouse sensory
neurons Biochem. J. 283 41–50

[122] Reinert K C, Dunbar R L, Gao W, Chen G and Ebner T J 2004
Flavoprotein autofluorescence imaging of neuronal activation
in the cerebellar cortex in vivo J. Neurophysiol. 92 199–211

[123] Husson T R, Mallik A K, Zhang J X and Issa N P 2007
Functional imaging of primary visual cortex using
flavoprotein autofluorescence J. Neurosci. 27 8665–75

[124] Tohmi M, Kitaura H, Komagata S, Kudoh M and Shibuki K
2006 Enduring critical period plasticity visualized by
transcranial flavoprotein imaging in mouse primary visual
cortex J. Neurosci. 26 11775–85

[125] Chisholm K I, Ida K K, Davies A L, Papkovsky D B,
Singer M, Dyson A, Tachtsidis I, Duchen M R and
Smith K J 2016 In vivo imaging of flavoprotein fluorescence
during hypoxia reveals the importance of direct arterial
oxygen supply to cerebral cortex tissue brain Adv. Exp. Med.
Biol. 876 233–9

[126] Chance B, Schoener B, Oshino R, Itshak F and Nakase Y
1979 Oxidation–reduction ratio studies of mitochondria in
freeze-trapped samples. NADH and flavoprotein
fluorescence signals J. Biol. Chem. 254 4764–71

[127] Skala M and Ramanujam N 2010 Multiphoton redox ratio
imaging for metabolic monitoring in vivo Advanced
Protocols in Oxidative Stress II ed D Armstrong (New York:
Springer) pp 155–62

[128] Haaland D M, Jones H D, Sinclair M B, Carson B, Branda C,
Poschet J F, Rebeil R, Tian B, Liu P and Brasier A R 2007
Hyperspectral confocal fluorescence imaging of cells Proc.
SPIE 6765 676509

[129] Zavattini G, Vecchi S, Mitchell G, Weisser U, Leahy R M,
Pichler B J, Smith D J and Cherry S R 2006 A hyperspectral

fluorescence system for 3D in vivo optical imaging Phys.
Med. Biol. 51 2029–43

[130] Vo-Dinh T, Cullum B and Kasili P 2003 Development of a
multi-spectral imaging system for medical applications
J. Phys. D: Appl. Phys. 36 1663–8

[131] Holloschi A, Kuhn H M, Müller C, Worf M, Rauen M,
Röder T, Kessler W and Mollenhauer J 2012 Label-free
microscopy: spectral imaging of multiphoton-excited
cellular autofluorescence Current Microscopy Contributions
to Advances in Science and Technology ed A Méndez-Vilas
vol 1 (Badajoz: Formatex) pp 103–11

[132] Timlin J A, Nieman L T, Jones H D, Sinclair M B,
Haaland D M and Guzowski J F 2006 Imaging multiple
endogenous and exogenous fluorescent species in cells and
tissues Proc. SPIE 6088 608805

[133] Studer V, Bobin J, Chahid M, Mousavi H S, Candes E and
Dahan M 2012 Compressive fluorescence microscopy for
biological and hyperspectral imaging Proc. Natl Acad. Sci.
USA 109 E1679–87

[134] Gao L, Kester R T and Tkaczyk T S 2009 Compact image
slicing spectrometer (ISS) for hyperspectral fluorescence
microscopy Opt. Express 17 12293–308

[135] Cull C F, Choi K, Brady D J and Oliver T 2010 Identification
of fluorescent beads using a coded aperture snapshot spectral
imager Appl. Opt. 49 B59–70

[136] Palero J A, Latouche G, de Bruijn H S, Sterenborg H J and
Gerritsen H C 2008 Design and implementation of a
sensitive high-resolution nonlinear spectral imaging
microscope J. Biomed. Opt. 13 044019

[137] Xu C, Zipfel W, Shear J B, Williams R M and Webb W W
1996 Multiphoton fluorescence excitation: new spectral
windows for biological nonlinear microscopy Proc. Natl
Acad. Sci. USA 93 10763–8

[138] Yaseen M A, Srinivasan V J, Gorczynska I, Fujimoto J G,
Boas D A and Sakadžić S 2015 Multimodal optical imaging
system for in vivo investigation of cerebral oxygen delivery
and energy metabolism Biomed. Opt. Express 6 4994–5007

[139] Chen S Y, Lu C S and Yeh C H 2014 Non-de-scanned
parallel recording two-photon hyperspectral microscopy
with high spectral and spatial resolution Biomed. Opt.
Express 5 338–47

[140] Radosevich A J, Bouchard M B, Burgess S A, Chen B R and
Hillman E M 2008 Hyperspectral in vivo two-photon
microscopy of intrinsic contrast Opt. Lett. 33 2164–6

[141] Palero J A, Bader A N, de Bruijn H S, Sterenborg H J and
Gerritsen H C 2011 In vivo monitoring of protein-bound and
free NADH during ischemia by nonlinear spectral imaging
microscopy Biomed. Opt. Express 2 1030–9

[142] Bainbridge A et al 2014 Brain mitochondrial oxidative
metabolism during and after cerebral hypoxia–ischemia
studied by simultaneous phosphorus magnetic-resonance
and broadband near-infrared spectroscopy Neuroimage 102
173–83

[143] Kolyva C, Ghosh A, Tachtsidis I, Highton D, Cooper C E,
Smith M and Elwell C E 2014 Cytochrome c oxidase
response to changes in cerebral oxygen delivery in the adult
brain shows higher brain-specificity than haemoglobin
Neuroimage 85 234–44

[144] Heekeren H R, Kohl M, Obrig H, Wenzel R,
von Pannwitz W, Matcher S J, Dirnagl U, Cooper C E and
Villringer A 1999 Noninvasive assessment of changes in
cytochrome-c oxidase oxidation in human subjects during
visual stimulation J. Cereb. Blood Flow Metab. 19 592–603

[145] Uludağ K, Steinbrink J, Kohl-Bareis M, Wenzel R,
Villringer A and Obrig H 2004 Cytochrome-c-oxidase redox
changes during visual stimulation measured by near-infrared
spectroscopy cannot be explained by a mere cross talk
artefact Neuroimage 22 109–19

24

J. Opt. 20 (2018) 044009 Review

https://doi.org/10.1038/jcbfm.2011.148
https://doi.org/10.1038/jcbfm.2011.148
https://doi.org/10.1038/jcbfm.2011.148
https://doi.org/10.1117/1.3210779
https://doi.org/10.1088/0967-3334/22/4/201
https://doi.org/10.1088/0967-3334/22/4/201
https://doi.org/10.1088/0967-3334/22/4/201
https://doi.org/10.1088/0967-3334/22/4/201
https://doi.org/10.1097/00004647-200103000-00002
https://doi.org/10.1097/00004647-200103000-00002
https://doi.org/10.1097/00004647-200103000-00002
https://doi.org/10.1097/00004647-199906000-00012
https://doi.org/10.1097/00004647-199906000-00012
https://doi.org/10.1097/00004647-199906000-00012
https://doi.org/10.1016/0304-4165(95)00153-0
https://doi.org/10.1016/0304-4165(95)00153-0
https://doi.org/10.1016/0304-4165(95)00153-0
https://doi.org/10.1016/j.jneumeth.2011.09.005
https://doi.org/10.1016/j.jneumeth.2011.09.005
https://doi.org/10.1016/j.jneumeth.2011.09.005
https://doi.org/10.1152/ajpcell.00249.2006
https://doi.org/10.1152/ajpcell.00249.2006
https://doi.org/10.1152/ajpcell.00249.2006
https://doi.org/10.1152/ajpcell.00249.2006
https://doi.org/10.1146/annurev-bioeng-071811-150108
https://doi.org/10.1146/annurev-bioeng-071811-150108
https://doi.org/10.1146/annurev-bioeng-071811-150108
https://doi.org/10.1042/bj2830041
https://doi.org/10.1042/bj2830041
https://doi.org/10.1042/bj2830041
https://doi.org/10.1152/jn.01275.2003
https://doi.org/10.1152/jn.01275.2003
https://doi.org/10.1152/jn.01275.2003
https://doi.org/10.1523/JNEUROSCI.2156-07.2007
https://doi.org/10.1523/JNEUROSCI.2156-07.2007
https://doi.org/10.1523/JNEUROSCI.2156-07.2007
https://doi.org/10.1523/JNEUROSCI.1643-06.2006
https://doi.org/10.1523/JNEUROSCI.1643-06.2006
https://doi.org/10.1523/JNEUROSCI.1643-06.2006
https://doi.org/10.1007/978-1-4939-3023-4_29
https://doi.org/10.1007/978-1-4939-3023-4_29
https://doi.org/10.1007/978-1-4939-3023-4_29
https://doi.org/10.1117/12.738152
https://doi.org/10.1088/0031-9155/51/8/005
https://doi.org/10.1088/0031-9155/51/8/005
https://doi.org/10.1088/0031-9155/51/8/005
https://doi.org/10.1088/0022-3727/36/14/302
https://doi.org/10.1088/0022-3727/36/14/302
https://doi.org/10.1088/0022-3727/36/14/302
https://doi.org/10.1117/12.647228
https://doi.org/10.1073/pnas.1119511109
https://doi.org/10.1073/pnas.1119511109
https://doi.org/10.1073/pnas.1119511109
https://doi.org/10.1364/OE.17.012293
https://doi.org/10.1364/OE.17.012293
https://doi.org/10.1364/OE.17.012293
https://doi.org/10.1364/AO.49.000B59
https://doi.org/10.1364/AO.49.000B59
https://doi.org/10.1364/AO.49.000B59
https://doi.org/10.1117/1.2953180
https://doi.org/10.1073/pnas.93.20.10763
https://doi.org/10.1073/pnas.93.20.10763
https://doi.org/10.1073/pnas.93.20.10763
https://doi.org/10.1364/BOE.6.004994
https://doi.org/10.1364/BOE.6.004994
https://doi.org/10.1364/BOE.6.004994
https://doi.org/10.1364/BOE.5.000338
https://doi.org/10.1364/BOE.5.000338
https://doi.org/10.1364/BOE.5.000338
https://doi.org/10.1364/OL.33.002164
https://doi.org/10.1364/OL.33.002164
https://doi.org/10.1364/OL.33.002164
https://doi.org/10.1364/BOE.2.001030
https://doi.org/10.1364/BOE.2.001030
https://doi.org/10.1364/BOE.2.001030
https://doi.org/10.1016/j.neuroimage.2013.08.016
https://doi.org/10.1016/j.neuroimage.2013.08.016
https://doi.org/10.1016/j.neuroimage.2013.08.016
https://doi.org/10.1016/j.neuroimage.2013.08.016
https://doi.org/10.1016/j.neuroimage.2013.05.070
https://doi.org/10.1016/j.neuroimage.2013.05.070
https://doi.org/10.1016/j.neuroimage.2013.05.070
https://doi.org/10.1097/00004647-199906000-00002
https://doi.org/10.1097/00004647-199906000-00002
https://doi.org/10.1097/00004647-199906000-00002
https://doi.org/10.1016/j.neuroimage.2003.09.053
https://doi.org/10.1016/j.neuroimage.2003.09.053
https://doi.org/10.1016/j.neuroimage.2003.09.053


[146] Wobst P, Wenzel R, Kohl M, Obrig H and Villringer A 2001
Linear aspects of changes in deoxygenated hemoglobin
concentration and cytochrome oxidase oxidation during
brain activation Neuroimage 13 520–30

[147] Cooper C E, Matcher S J, Wyatt J S, Cope M, Brown G C,
Nemoto E M and Delpy D T 1994 Near-infrared
spectroscopy of the brain: relevance to cytochrome oxidase
bioenergetics Biochem. Soc. Trans. 22 974–80

[148] Ghosh A, Kolyva C, Tachtsidis I, Highton D, Elwell C E and
Smith M 2011 Reduction of cytochrome c oxidase during
vasovagal hypoxia-ischemia in human adult brain: a case
study Adv. Exp. Med. Biol. 789 21–7

[149] Tachtsidis I, Tisdall M M, Leung T S, Pritchard C,
Cooper C E, Smith M and Elwell C E 2009 Relationship
between brain tissue haemodynamics, oxygenation and
metabolism in the healthy human adult brain during
hyperoxia and hypercapnia Adv. Exp. Med. Biol. 645
315–20

[150] Matcher S J, Elwell C E, Cooper C E, Cope M and Delpy D T
1995 Performance comparison of several published tissue near-
infrared spectroscopy algorithms Anal. Biochem. 227 54–68

[151] Arifler D, Zhu T, Madaan S and Tachtsidis I 2015 Optimal
wavelength combinations for near-infrared spectroscopic
monitoring of changes in brain tissue hemoglobin and
cytochrome c oxidase concentrations Biomed. Opt. Express
6 933–47

[152] Phan P, Highton D, Brigadoi S, Tachtsidis I, Smith M and
Elwell C E 2015 Spatial distribution of changes in oxidised
cytochrome c oxidase during visual stimulation using
broadband near infrared spectroscopy imaging Adv. Exp.
Med. Biol. 923 195–201

[153] Brigadoi S, Phan P, Highton D, Powell S, Cooper R J,
Hebden J, Smith M, Tachtsidis I, Elwell C E and Gibson A P
2017 Image reconstruction of oxidised cerebral cytochrome
C oxidase changes from broadband near-infrared
spectroscopy data Neurophotonics 4 021105

25

J. Opt. 20 (2018) 044009 Review

https://doi.org/10.1006/nimg.2000.0706
https://doi.org/10.1006/nimg.2000.0706
https://doi.org/10.1006/nimg.2000.0706
https://doi.org/10.1042/bst0220974
https://doi.org/10.1042/bst0220974
https://doi.org/10.1042/bst0220974
https://doi.org/10.1007/978-1-4614-7411-1_4
https://doi.org/10.1007/978-1-4614-7411-1_4
https://doi.org/10.1007/978-1-4614-7411-1_4
https://doi.org/10.1007/978-0-387-85998-9_47
https://doi.org/10.1007/978-0-387-85998-9_47
https://doi.org/10.1007/978-0-387-85998-9_47
https://doi.org/10.1007/978-0-387-85998-9_47
https://doi.org/10.1006/abio.1995.1252
https://doi.org/10.1006/abio.1995.1252
https://doi.org/10.1006/abio.1995.1252
https://doi.org/10.1364/BOE.6.000933
https://doi.org/10.1364/BOE.6.000933
https://doi.org/10.1364/BOE.6.000933
https://doi.org/10.1007/978-3-319-38810-6_26
https://doi.org/10.1007/978-3-319-38810-6_26
https://doi.org/10.1007/978-3-319-38810-6_26
https://doi.org/10.1117/1.NPh.4.2.021105

	1. Introduction
	1.1. The use of light to image and monitor the brain
	1.2. Definition of HSI for brain metabolism and hemodynamics
	1.3. HSI techniques and instrumentation for brain tissue monitoring
	1.4. Measuring metabolic brain activity and hemodynamics

	2. HSI of brain tissue oxygenation during metabolic activity changes
	3. Assessment of CMRO2 using HSI
	4. HSI of cerebral cellular energetics: a future perspective
	4.1. Fluorescence HSI of FAD and NADH
	4.2. HSI of cytochrome-c-oxidase

	5. Summary and conclusions
	Acknowledgments
	References



