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Noninvasive optical imaging is an emerging method of functional neuroimaging that has
major advantages that make it particularly suited to both basic and clinical neuroscience
research as well as to clinical practice.2~7 It has great promise for contributing to
neuropsychiatry.? The required equipment is compact and portable, it is relatively easy to
use, and the method is relatively tolerant of subject movement. Studies can be performed in
almost any location including at the bedside and in natural settings. Patients who are not
good candidates for more traditional functional imaging methods (e.g., functional MRI
[fMRI] and positron emission tomography [PET]) often do well with optical imaging, as it
does not require absolute stillness or confinement and has no associated loud noises. It is
also safe to use in the presence of metal (e.g., plates, pins, pacemakers), an important
consideration for some populations of interest. It has much faster time resolution than most
other functional imaging techniques and can easily provide repeated within-subject
measures. Other major advantages are low cost and high safety. Like surface
electroencephalography (EEG), optical imaging captures activation-related changes only
from the cerebral cortex. Historically, the major disadvantages of optical imaging have been
its lower spatial resolution and smaller regions of coverage, areas of major improvement
over the last decade. Use of optical imaging for monitoring of cerebral state in high-risk
situations (e.g., neurosurgery, intensive care unit), while an important clinical application, is
outside the scope of this review.8~10

The concept that the functional state of tissue influences its optical properties in observable
ways is well accepted. Familiar medical examples include hypoxia-induced cyanosis and
anemia-related pallor. Both result from changes in the concentration of oxyhemoglobin
(HbO2) and deoxyhemoglobin (HbR). Hemoglobin (Hb) is a chromophore, a chemical
group that absorbs light at a specific frequency, thus imparting coloration. Most noninvasive
optical neuroimaging approaches presently used in clinical practice and human research are
based on using some version of near-infrared spectroscopy (NIRS) to measure intrinsic
activation-related changes in the concentrations of oxyhemoglobin and deoxyhemoglobin.
Thus, similar to fMRI, optical neuroimaging measures the hemodynamic response to brain
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activation. Unlike fMRI, which is based on detecting activation-related changes in HbR,
NIRS can monitor localized changes in cerebral blood volume and both HbO2 and HbR.

The initial demonstration of NIRS-based noninvasive monitoring of cerebral oxygenation
state utilized transmission of light through the tissue of interest (transillumination).11 While
very useful for thinner structures (e.g., finger pulse oximetry), this approach is not well
suited to noninvasive monitoring of the adult brain due to the size of the adult head and the
thickness of overlying structures (e.g., scalp, skull, dura, CSF). It was not until the
development of techniques based on detection of light emerging from the surface near the
light source that NIRS began to be more widely utilized for human research.12 The
interaction between light and tissue depends upon scattering and absorption at the particular
wavelength.2~7 Scattering decreases with increasing wavelength. Compared to visible light,
light in the near-infrared range easily penetrates into tissue. Unlike X-ray photons, which
travel in a straight line through soft tissues (due to their higher energy), near-infrared
photons will change direction multiple times (Figure 1). Although comparatively less in the
near-infrared range, scatter limits penetration depth and spatial resolution. Absorption in the
near-infrared range is primarily due to the presence of endogenous chromophores such as
water, hemoglobin, bilirubin, and cytochrome (Figure 2). Tissue penetration is best at
wavelengths between ~700-900 nm. (Depth sensitivity is limited by hemoglobin absorption
below this range and water absorption above it.) In this range, sometimes called the
“biological optical window” or the “medical spectral window,” light can penetrate into
tissue as much as several centimeters and still return to detectors at the surface. The
separation between the source and detector is an essential factor in determining depth
sensitivity, as photons reaching a detector farther from the source are more likely to have
penetrated more deeply (Figure 1).13 Thus, signals from closely spaced source-detector pairs
will be more sensitive to superficial tissues (e.g., scalp). This can be used to mathematically
compensate for the effects of signal from superficial tissues on signals acquired from more
widely spaced source-detector pairs.

Optical imaging requires the use of devices (known as optodes) for coupling light between
an optoelectronic component (e.g., light source, photodetector) and a surface (e.g., skin,
scalp).2~" By utilizing more than one wavelength of light, measurements can be made that
are differentially sensitive to changes in oxyhemoglobin and deoxyhemoglobin (Figure 2).
Some wavelengths are equally sensitive to both (isobestic points). At an isobestic point,
changes in total hemoglobin concentration (HbT) can be measured directly. Although there
are methods for measuring absolute concentrations, most optical imaging measures change
relative to initial conditions (Figure 3).

There are three major methods of noninvasive optical imaging.2~/ The simplest approach is
the original continuous wave method in which light sources provide a signal of constant
amplitude and detectors measure light amplitude attenuation. Under these conditions, it is
not possible to directly measure the scattering properties of tissue which cause photons to
travel along different paths (and have different path-lengths) between the source and
detector (Figure 1). Assumption-based modeling and computer simulations are required to
estimate these effects. Advantages of the continuous wave method include low cost; high
safety (it can be done with light emitting diodes [LEDs]); and smaller, very portable
equipment that is easily used in clinical settings and natural environments. Major
disadvantages are limited spatial resolution (particularly in the more portable systems) and
provision of relative rather than absolute measures of concentration change. The more
complex time-resolved and frequency-domain approaches to optical imaging both provide
better sensitivity, but require use of laser light sources, which increase cost and introduce
potential safety issues. For time-resolved optical imaging, a pulsed laser is used as the light
source, and the time it takes photons to arrive at the detector is measured (time of flight).14
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One benefit of this approach is that early arriving photons (short time of flight) have
penetrated less deeply into tissue (shorter pathlength). Thus, the temporal distribution of
photons can be used to resolve depth. For frequency-domain optical imaging, the light
source is modulated and the phase delay (phase shift) of light at the detector(s) provides a
measure of time of flight.1> Greater phase delay indicates photons that have traveled more
deeply (longer pathlength). Optimizing analysis of these types of data in order to improve
depth sensitivity and quantitation is an area of very active research.

The two methods for analyzing noninvasive optical neuroimaging data in humans are optical
topography and diffuse optical tomography (DOT). Optical topography is done with a sparse
array (Figure 4). Pairs of light-emitting and light-detecting optodes are separated by 2—4 cm,
providing lower (generally >5 mm) spatial resolution. Point measurements are interpolated
into a 2D topographic activation map that can be roughly superimposed onto the area of
brain underlying the probe array. Diffuse optical tomography is generally done with a denser
array (Figure 4).16-18 Dense arrays provide source-detector pairs with multiple separations.
As noted in Figure 1, pairs that are close together will be more sensitive to superficial tissues
(e.g., scalp, skull), whereas pairs with a greater separation will be more sensitive to deeper
tissues (e.g., cortex). In diffuse optical tomography, overlapping information from multiple
detector pairs can be combined in the form of a model-based 3D image reconstruction.
Reconstructing data can improve depth sensitivity and decrease physiological noise. Recent
studies have demonstrated the feasibility of much higher resolution mapping of limited areas
of the cortex using tomographic reconstruction approaches.16:18:19

As described in recent review articles, optical neuroimaging has been utilized to study
motor, sensory, and cognitive task-related activations in multiple populations including the
very young and elderly and individuals with psychiatric disorders.2~* Recent studies
illustrate the application of optical neuroimaging to processes and tasks that previously were
not amenable to functional imaging. Monitoring during performance in more naturalistic
situations allows exploration of complex cognitive functions. For example, a study that
acquired repeated measures while the subjects performed a simulated naval air warfare
management task that varied on task load, task difficulty, and requirement for divided
attention found positive correlations between level of activations and level of performance.
20 Similarly, a study that acquired repeated measures while the subject was playing a game
of Japanese chess (shogi) was able to correlate the cognitive demand level of the game stage
with location and extent of activation.2 Another that acquired repeated measures during a
conversational task supports the potential for studying social interactions in a natural setting.
22 Other studies comparing task-related activation during actually performing a motor task
versus some form of pretence (e.g., peeling an apple versus making similar hand motions,
physically executing a movement versus mentally imagining performing it) have found that
the activations differ, underscoring the importance of a functional imaging technique that
allows subjects to move freely.23:24

Optical neuroimaging also has the potential to improve clinical management in a variety of
ways. For example, it may be useful for early diagnosis of some conditions. A recent study
evaluated the potential of optical neuroimaging to inform diagnosis of Alzheimer’s disease
based on the known early onset of visuospatial deficits in this population.?®> Performance
was similar between groups on a simple line orientation naming task, but patients with mild-
moderate dementia likely due to Alzheimer’s disease had much less activation in parietal
cortex compared to age-matched healthy individuals. As noted by the authors, studies of
individuals with mild cognitive impairment are required to fully evaluate the potential
diagnostic utility of this approach. Initial studies in which optical neuroimaging has been
combined with treatment indicate the potential of this technique to monitor treatment
response and provide insight into the processes underlying clinical efficacy.26:27
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Similar to other neuroimaging methods, individual differences in physiology and anatomy
are a potentially important source of variability in optical neuroimaging. Study participants
can differ considerably in the proportion of hemoglobin in the arterial and venous
compartments, as well as in total hemoglobin concentration.” Thickness and composition of
the superficial layers, especially the skull and CSF, also vary across individuals. In some
studies, addition of structural imaging (e.g., MRI, CT) has been used to improve localization
by using models of light propagation that are based on the individual subject’s anatomy.

Optical neuroimaging is a relatively new addition to the field of functional neurcimaging,
and there is little standardization as of yet. There is a growing effort within the optical
imaging community to develop a more systematic framework for experimental design and
data analysis.>:6:28 One area of particular concern is minimizing factors that degrade the
signal of interest. Inadequate shielding and/or poor coupling between optode and skin can
allow ambient light to reach detectors. This has been addressed in multiple ways including
decreasing ambient light (e.g., dim room light, covering sensor array with dark or opaque
material), filtering, and differential detection. Movement of sources and detectors relative to
the scalp can also cause significant changes in the coupling of light into and out of the head.
Hair exacerbates this problem since it is highly absorbing (due to its melanin content) and
can interfere with probe contact, causing fluctuations in light delivery and detection during
movement. Thus, in addition to spring-loading of optodes to improve contact, secure
anchoring of the probe array is essential. Elasticized bandages are commonly used to hold
smaller arrays in place. Caps and helmets have been developed to accommodate larger
arrays and tasks requiring more movement. Optimizing the probe design to match the
demands of the desired task is recommended. Identification of motion artifacts can be done
by visual inspection of data, as they are generally very large compared to the signal.
Statistical methods for motion detection/correction (e.g., outlier detection, principal
component analysis) have also been developed. Physiological noise (e.g., respiration, heart
rate, etc.) will also be present. Filtering, signal averaging, gating, and comparing signals
from near and distant detector pairs have all been used to decrease its impact on signal.>:6:28

In summary, noninvasive optical imaging is an exciting new approach to functional
neuroimaging with many advantages for use in psychiatric research. These include the
ability to perform studies in a wide range of settings and in patient populations unable to
tolerate confinement or loud noises. There is clear potential for applications to clinical care.
In addition, there are optical imaging techniques in much earlier stages of development that
hold the potential of providing entirely new types of information. One approach may allow
optical imaging of brain activation directly by measurement of activation-induced intrinsic
light scattering changes.1>2% Another is development of fluorescent compounds that may
have use as optical contrast agents.39:31 Thus, optical imaging may provide a future tool for
both assessment and monitoring treatment response in psychiatric illness.
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Figure 1.

Light in the near-infrared range scatters as it penetrates tissue (left). The photons change
direction many times as they travel from the light source (yellow) to the light detector
(green). On average, they follow a generally curved (“banana shaped”) path, so photons
reaching a detector farther from the source are more likely to have penetrated more deeply.
Thus, the spacing of sources and detectors determines the depth sensitivity of the
measurements (right). In general, the depth sampled is ~1/3 the distance between source and
detector.
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Figure 2.

In the near-infrared range the major light-absorbing chromophores in tissue are water (gold),
hemoglobin (oxyhemoglobin, pink; deoxyhemoglobin, blue), and cytochrome oxidase
(green). Light penetrates tissue most deeply at wavelengths between ~700 —900 nm (gray
band). Measurements are made at several wavelengths in order to be differentially sensitive
to changes in oxyhemoglobin and deoxyhemoglobin. Measurement at an isobestic point
(arrow), a wavelength equally sensitive to both, is sensitive to changes in total hemoglobin
concentration.
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Figure 3.

Optical imaging is based on task-related brain activation-induced focal changes in the
concentration of oxyhemoglobin (pink) and deoxyhemoglobin (blue). Illustrated here are
data from two regions of interest (three detectors each, approximate areas sampled indicated
by yellow circles on cover) averaged across eight subjects performing simple mental
arithmetic (adapted from Pfurtscheller et al.1). Oxyhemoglobin was focally increased in the
dorsolateral prefrontal cortex (pink, solid line) and decreased in the anterior prefrontal
cortex (pink, dashed line). As noted by the authors, these results are consistent with findings
from EEG and fMRI studies, and may be indicative of focal activation with surround
deactivation.
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Figure 4.

Both optical topography and diffuse optical tomography are based on data collected from an
array of sources and detectors. The major difference is in the analysis method utilized.
Optical topography is most commonly performed using a sparse array (left side of figure) of
sources (yellow) and detectors (green). These are generally separated by 2—4 cm. Spectral
measures are interpolated to provide a low-resolution activation map. This can be roughly
superimposed (generally using skull landmarks) onto a 3D brain MRI. Diffuse optical
tomography is performed using a dense array (right side of figure). Data from multiple
source-detector pairs with a range of separations provide overlapping measurement from a
limited area. These are used for tomographic image reconstruction utilizing a 3D model that
then can be superimposed onto an MRI.
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