NIR Spectroscopy

Captures the Impacts of Stroke

A two-photon image of mouse brain
vasculature. Courtesy of Igno Schiessl/
Manchester Bioimaging Facility.

By analyzing blood flow, the structure of the brain, and concentrations of oxyhemoglobin and
deoxyhemoglobin, information about when and where an event occurred can be isolated.
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very year, approximately 5.5 million
people worldwide lose their lives to

stroke. According to the Centers for
Disease Control and Prevention, stroke-
related costs in the U.S. total nearly
$50 billion annually'. Stroke is the fifth
leading cause of death and a major cause
of serious disability in adults in the U.S.
Because of its impact on the health of
those stricken and on society as a whole,
several health agencies are committed to
funding research to enrich our under-
standing of its causes and effects. This
research, which incorporates a number of
imaging modalities, is aimed at answer-
ing several key questions: What risk fac-
tors contribute to the likelihood of stroke?
What is the core mechanism that causes
it? What determines prognosis? How does
the brain recover?

To answer these questions, several di-
agnostic technologies are being used both
in the clinical setting and in the labora-
tory. For example, magnetic resonance

imaging (MRI) and computed tomogra-
phy (CT) are among the most common
and most familiar diagnostic tools used

in hospitals. Perhaps the most beneficial,
albeit less familiar, are the modern optical
technologies used in the laboratory, such
as near-infrared (NIR) spectroscopy, that
can unlock the mysteries of traumatic
events such as a stroke.

NIR spectroscopy plays a key role in
researchers’ and clinicians’ understand-
ing of this important topic*2. Its impor-
tance is mainly due to the fact that biolog-
ical tissues are partially transmissive in
the NIR spectral region (750 to 2500 nm).
Experiments have typically been designed
to examine the structure and function of
the brain before, during, and after a stroke
event. Several key technologies are being
used to further advance the understanding
of stroke.

What is a stroke?
When a disruption of blood flow occurs

to one or more areas of the brain, the
event is diagnosed as a stroke. The most
common type, ischemic stroke, occurs
when the disruption is caused by a blood
clot. This type accounts for approxi-
mately 90% of all stroke events. If the
disruption is caused by a rupture of one
or more of the blood vessels, the event

is called a hemorrhagic stroke, which is
significantly more dangerous. Only 26%
of people survive this type, compared to
an 80% survival rate in ischemic cases. In
addition to being potentially fatal, stroke
has been the leading cause of paralysis in
adults since 2013*.

In general, experiencing a stroke can be
catastrophic, resulting in lingering effects
and the potential loss of certain physical
or psychological functioning. A thorough
understanding is therefore imperative for
providing information to patients about
warning signs and how to incorporate
preventative measures and make behav-
ioral changes. If a stroke does occur, the
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Figure 1. Absorption spectra for oxygenated and deoxygenated hemoglobin. Courtesy of

MKS Instruments.

factors that determine the likelihood of
recovery need to be established, along
with which ones influence an individual’s
prognosis. It is also helpful to examine
whether a person exhibits particular
predictive markers that could determine
stroke severity and how much they may
be able to recover.

NIR spectroscopy in biological tissue
relies on measuring the concentrations of
oxyhemoglobin (oxygenated hemoglobin)
and deoxyhemoglobin (deoxygenated
hemoglobin) (Figure 1). When a stroke oc-
curs, the concentrations of these hemoglo-
bin species can be evaluated to determine
whether, when, and where the blockage
occurred and which area of the brain may
have been affected”.

Because brain tissue is heterogeneous,
measuring these concentrations accurately
is vital to pinpointing problem areas. In
general, steady-state absorption is com-
monly used to determine concentration.
Absorption is typically calculated using
the Beer-Lambert law,

AQ) ebC,

where A is the wavelength-dependent
absorption, ¢ is the molar absorptiv-

ity, b is the optical path length, and C,

is the concentration of species i. In most
applications, the Beer-Lambert law is
applied using a standard cuvette with
low molar concentrations and no scatter-

ing. However, in the case of brain tissue,
because of the significant heterogeneity,
the optical path length cannot be precisely
defined. In addition, because the pho-
tons undergo significant scattering, it

is difficult to determine which photons
are lost due to absorption and which are
lost due to scattering. For these reasons,
continuous-wave (CW) NIR spectroscopic
measurements must be carefully scruti-
nized to obtain meaningful results.

For example, a typical CW NIR spec-
troscopy experiment employs a single-
wavelength source that is centered on the
absorption peak for each species (Figure
1). Several commercial laser systems are
available to preferentially excite deoxyhe-
moglobin (~750 nm) and oxyhemoglobin
(~950 nm). The light is fiber-coupled
and systematically routed to specific
regions of the brain®. In this configura-
tion, the experiment is performed at fixed
emitter-detector distances to more clearly
determine path length.

Using this configuration, localized
differences in oxy- and deoxyhemoglobin
ratios can be monitored and evaluated in
specific spatial regions across the brain.
For stroke patients, this tool provides a
real-time measurement of the affected
region. The laser apparatus is compact
and presents a more practical alternative
to MRI at the point of care. However,
unlike MRI, correlating CW NIR results
to specific events remains challenging. To
learn more, time-domain experiments are
necessary.

Time-resolved NIR spectroscopy
Determining absolute concentrations

of oxy- and deoxyhemoglobin provides

more functional information following

a stroke event. Recent studies have used

time-resolved NIR (TRNIR) spectroscopy

to better characterize the event and how

oxygen levels are directly influenced

before, during, and after the event®.
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Figure 2. Graphical rendering of typical decay profiles measured with time-resolved NIR
spectroscopy (purple and orange curves). The instrumental response function (black).
Courtesy of MKS Instruments.
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Figure 3. A typical apparatus for measuring time-resolved NIR decay profiles in a clinical setting. Scattered photons are monitored as a function of incident light

and detector position. Courtesy of MKS Instruments.

Interpreting this information can inform
medical personnel about the severity of
the event and the prognosis.

Strokes can affect the brain differently
depending on where the blockage occurs
along the circulatory network. When the
disruption of blood flow happens at a
major arterial pathway, this is called large
vessel occlusion (LVO) stroke. This type
is particularly severe because it causes a
significant drop in blood flow to a larger
area of the brain. Another type, in which
the ischemic blockage occurs at the
extremities of the circulatory network,
is called a lacunar stroke. In both cases,
TRNIR spectroscopy can provide key
signatures of oxy- and deoxyhemoglobin
concentration that can be correlated to
outcome when coupled with MRI and CT
images.

Because the NIR apparatus is com-
pact, it can be brought to the patient, and
the measurements of the patient’s condi-
tion can be monitored more easily than
with either MRI or CT. To perform these
measurements, the apparatus is similar
to that for CW NIR spectroscopy except
that a picosecond pulsed laser is used as
the excitation source. Experimentally,
these measurements are identical to
time-correlated single-photon counting.
A typical dataset is shown in Figure 2.

A picosecond pulse from a Ti:sapphire
or diode laser in the 750- to 950-nm
wavelength range is fiber-coupled to
the specimen at targeted input locations

(Figure 3). A small portion of the incident
laser pulse is used to start the gating elec-
tronics. As the incident photons propa-
gate through the sample, some will be
absorbed and some will scatter. A small
percentage of photons will scatter into the
detector electronics and stop the timing
gate. Several thousand similar cycles will
build the histogram shown in Figure 2.

To reduce interference from the inci-
dent laser pulse traveling directly to the
detector and affecting the desired readout,
the intensity is kept low and the number
of detected photons is kept small relative
to the number of excitation cycles. Time
resolution is determined by the laser pulse
width and the experimental electronics
that are calibrated using a direct line con-
figuration from the emitter to the detector.
The direct line measurements provide
the impulse response of the experimental
apparatus and define the time resolution
of the measurement. Figure 2 shows the
instrument response function as a black
curve.

In general, the probability that a photon
will reach the detector is determined
by the effective path length, which has
contributions from absorption and the
scattering efficiency of the sample3®, In
these experiments, the measured decay
times are influenced by the presence of
a stroke. The decay times are compared
in various spatial regions, and conclu-
sions are reached based on the severity
of the event. For example, the increased

absorption from oxyhemoglobin present
in stroke-affected regions will translate

as faster decay times. Clinical outcomes
are later correlated to this data, which
provides valuable information on which to
build future clinical applications of NIR
spectroscopy for health care settings.

Current research

The clinical studies outlined above
provide valuable information regarding
stroke outcome. They help physicians
to monitor patients in real time during
a stroke and its subsequent treatment,
and throughout the recovery process.
However, NIR spectroscopy using fem-
tosecond (107"°-sec) pulses is being used
to reveal even more detailed information.
With two-photon microscopy, more de-
tailed temporal and structural information
about the brain tissue can be obtained®*.
By using femtosecond lasers in the 680-
to 1350-nm wavelength range, nonlinear
absorption events are initiated, and the
subsequent fluorescence is used to gener-
ate detailed three-dimensional images
(see image on page 42).

In these experiments, fluorescent mark-
ers are added to the sample and attached
to specific organelles or other functional
areas. The femtosecond laser pulse can
initiate nonlinear absorption because the
peak power of these pulses is very high
(>100 GW), causing the marker to absorb
two or more photons simultaneously. The
subsequent fluorescence is collected using




a charge-coupled device (CCD) camera

or photodiode, and an image is generated.
A unique feature of these experiments is
that photon absorption only occurs at the
focal plane, where the photon concentra-
tion is highest. Since no absorption occurs
outside of the focal plane, tissue damage
is significantly reduced, making the tech-
nique suitable for imaging living systems.

Experiment parameters

Since femtosecond pulses have signifi-
cant bandwidth content (~10 nm), the laser
pulses are subject to temporal broadening
as they propagate through materials. Un-
like the previous case using picosecond
lasers (~0.1-nm bandwidth), this pulse-
broadening mechanism compromises
the pulse temporal profile. The degree of
pulse broadening will depend upon the
amount of material that the pulse will
pass through before it reaches the focal
plane. The microscope objective lens can
contribute significantly to the temporal
broadening.

Because of this, laser manufactur-
ers have built dispersion-compensating
mechanisms into the laser design. Using

these modern lasers, the temporal broad-
ening can be fully compensated. Biologi-
cal tissue is a significant contributor to
this phenomenon. Unlike continuous-
wave experiments where the incident
laser light is only minimally affected by
transmission through bone, lipids, or any
other biological tissue, femtosecond laser
pulses can be broadened to durations too
long to initiate nonlinear absorption. In
these cases, alternative approaches are
necessary. Some live animal experiments
are performed using a cranial window?®
in which a small portion of the skull is
removed to provide direct access to the
brain. Using this method, high-resolution
multiphoton images as deep as 1 mm or
more can be obtained. A representative
two-photon image obtained through z-
sectioning is shown in Figure 4.

Technologies converge

As stated, disruptions in blood flow can
be measured by monitoring the degrees of
oxygenation in hemoglobin. When cells
are healthy, they use oxygen at a well-
defined rate. When there is a disruption in
blood flow, this rate deviates from homeo-
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Figure 4. A two-photon image of mouse brain, showing details at 1-mm depths. Courtesy of Mario
Merlini/Akassoglou Laboratory/Gladstone Institute of Neurological Disease.

stasis. These differences can be correlated
to both stroke occurrence and the repair
mechanism. Using multiphoton micros-
copy, the blood flow can be directly
monitored in real time using fluorescent
markers®.

In these experiments, a dye is injected
into the specimen and the flow velocity is
measured directly with submicron spatial
resolution. Prior to performing any in
vivo experiments, this monitoring is care-
fully calibrated to ensure that the changes
in observed fluorescence arise from blood
flow. With this method, disruptions in
blood flow will be visible. Combining
these multiphoton microscopy and laser
technologies provides quantitative mea-
surements of structure and function, with
the main limitation being penetration
depth. However, both laser and micro-
scope manufacturers continue to push
these technologies to longer wavelengths
and higher energies to overcome these
challenges.

Multiphoton microscopy tells us
whether a stroke has occurred, where it
occurred, and its severity. Advancements
in femtosecond laser and microscope
technology allow access to a wide range
of fluorescent markers, and the informa-
tion yields answers to many key questions
simultaneously. Most importantly, several
researchers have studied the relationship
between blood flow and neural activity'®
and to what extent the disruption of blood
flow affects brain function. Through the
use of continuous-wave, picosecond, and
femtosecond lasers, researchers are de-
signing experiments to monitor stroke in
a clinical setting and in the laboratory.

Together with MRI and CT structural
analyses, NIR spectroscopy provides
valuable information regarding stroke
occurrence, severity, and prognosis,
and it plays a key role in deepening our
understanding of stroke. How long do
nerve cells continue to function following
disruption? How does the brain recover,
as it often does in many patients? Modern
NIR spectroscopy has laid the foundation
to answer these key questions.
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